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abstract
An e l e c t r o c h e m i c a l  c e l l  P t /A g /A g I /A g2X /P t  <X=S,Se) J^een
used as a h ig h ly  c o n t r o l l a O l e  sou rce  o t  S2 o r  5^2 m o le c u le .   ^
S ! t y p e  dopi^ng o f  GaAs and GaAiAs grown oy f / "
E o ita xy  (MBE). This s o u r c e  produces  a pure oeam ot cha g 
d fm e r T a t  low temperature (200-300°C) and rs simply programmed 
bv an a p p l i e d  emf. The respon se  t im e  o t  one c e l l  i s  or 
order o f  one second enabling com plicated  doping p r o f i l e s  to  be
achieved.
The b e h a v i o u r  o f  S and Se g e n e r a t e d  in  t h i s  way and 
incorporated  in to  MBE GaAs and GaAlAs
i s  s im p le  at  low grow th  tem p era tu res  (< d80 C). The aopa 
s p e c i e s  are in c o r p o r a t e d  and e l e c t r i c a l l y  a c t iv a t e d  w ith
constant high e f f i c i e n c y  and behave simply
e x p e c te d  from t h e i r  use in  o th e r  a rea s  o f  GaAs te^h o
e v id e n c e  f o r  anomalous d i f f u s i o n  or  s e g r e g a t io n  has b .e n
observed.
. „ a  tn^to GaAs i s  o b s e r v e d  to  be red u ced ,  and t o  a l e s s e r  
Extent in  GaAlAs, a l th o u g h  the l o s s  o f
by i n c r e a s in g  to
- r
b e in g  overcom e as the g r o w in g ^ l ly e r ^ is ^ c h a n g e d .  The
s u r fa c e  s t o i c h i o m e t r y  Aluminium s u b -
^ h ^ ^ T g e n ^ r s ^ U l d ^ o t ^ L ^ ^ V a t i l e  under MBB co h ^ f^ o n s  and 
e x p l a i L  the observed reduced loss  in the case o f  GaAiAs.
___ j  rtn d e v i c e s  grown using S and Se
fl°"^na*of^MBE* U y e r s  where enhanced perform ance  and n ove l  
dop in g  o f  M ^  These include  a hyperabrupt varactor
p ro p e r t ie s  are observea. m e c h a r a c t e r i s t i c  and th e
w i t h  a l i n e a r  f r a c t i o n a l  quantisad  Hall
o b s e r v a t i o n  o f  the ^ g ^ ^ r o n  gas s t r u c t u r a s .  The
e f f e c t  in  as ¡ r s e n i c  vacancy, and hence DX
p o te n t ia l  o f  chalcogen dopants as ®“ ® . /  ,h e  f a c i l i t y
emphasised.
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CHAPTER 1: IHTRODOCTION.
1,1: Molecular Beam Epitaxy.
M o le c u la r  Beam Epitaxy (MBE) i s  a w e l l  e s t a b l i s h e d  c r y s t a l  
growtn cech n iq u e  w ith  dem onstrated  a c c e s s  to  a wide ranqe or  
m a t e r ia l  system s (1 ) .  I t  i s  e s s e n t i a l l y  a vacuum e v a p o r a t io n  
t e ch n iq u e .  A heated s i n g l e  c r y s t a l  s u b s tra ta  i s  m ainta ined  
clean on the atomic le v e l  under cond it ions  o f  u lt ra -h igh  vacuum 
where the impingement rate o f  spec ies  from the background gases 
(prlO'^-^Torr) i s  considered  to  be n e g l ig ib le .  Figure 1.1 shows 
a s ch e m a t ic  o f  the growth environm ent.  M o le c u la r  beams, 
generated from ind iv idual thermal Knudsen evaporation sources ,  
supply the co n s t i tu e n t  elements fo r  e p i ta x ia l  growth at f luxes  
corresponding to beam equivalent pressures o f  lO '«  Torr. This 
produces d e p o s i t io n  rates o f  tne order o f  one atomic layer  per 
second which equates to  approximately one micron per hour. The 
f lux  o f  évaporant i s  regulated via the re la t ion sh ip  between the 
Knudsen c e l l  temperature and the equilibrium  vapour pressure o f  
the source m ateria l  in the c ru c io le  through a geometric  fa c to r  
in c lu d in g  the  o r i f i c e  area  and the d i s t a n c e  to  the s u b s t r a t e
(1 ) .  Thus,
( 1.1x1q22 , . p . a /  l2. (  M.T
where
a - . -2  - - 1j  i s  f l u x  in  m o le c u le s  cm » r 
p i s  the source pressure in Torr,
A is  the source o r i f i c e  area in cm^,
L i s  the d i s t a n c e  from the o r i f i c e  to  the s u b s t r a t e  in cm.
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FIGURE 1.1: Schema 
p r in c ip a l  components
t i c  o f  the MBE growth environment  and
H is  the molecular weight o f  the e f fu s in g  sp e c ie s  in gm m o l '^
T is  the absolute  temperature in the source in K.-
The beam p r e s s u r e s  are low enough so th a t  the f l o w  from c e l l  t o  
s u b s t r a t e  i s  m o l e c u l a r  r a t h e r  than h y d r o d y n a m ic  so  th e  
in t e r p o s i t io n  o f  a l i n e - o f - s i g h t  shutter i s  s u f f i c i e n t  to  stop 
the beams teaching the substrate .  In th is  way, the com position  
o f  the e p i t a x i a l  la y e r  may be changed s im p ly  by s h u t t e r in g  or  
u n co v e r in g  in d iv id u a l  Knudsen c e l l s .  Sh u tter  o p e r a t i o n  t im es  
are t y p i c a l l y  « I s  so th icxness  con tro l  and doping aoruptness 
may be on the atomic l e v e l .  Growth temperatures are t y p i c a l ly  
lower than tne c l a s s i c a l l y  equilibrium  techniques o f  l i q u id  or 
vapour phase e p i ta x y  (LPE and VPE) g iv in g  p o t e n t i a l l y  reduced  
i n t e r d i f f u s i o n  o f  d o p a n t s  and m a t r ix  e l e m e n t s .  The OHV 
environment a lso  a llows i n - s i t u  monitoring o f  the substrate  and 
grown la y e r s  b e fo r e ,  du r ing  and a f t e r  growth so tn a t  growth 
con d it ion s  may be optim ised. These features  consp ire  to provide 
an u l t r a - c l e a n  environm ent f o r  the growth o f  s e m ic o n d u c to r s  
under w e l l  c o n tro l le d  con d it ion s .
Of tne I I I -V  semiconductors, most o f  the MBE a c t i v i t y  has been 
on the G aA s/G a i . ,A l^ A s  h e t e r o e p i t a x i a l  system . The high 
e le c t r o n  m ob il i ty  m  GaAs f a c i l i t a t e s  fa s t  l o g i c  and microwave
a p p l i c a t i o n s  w h i i e  i t s  d i r e c t  oandgap  i s  u s e f u l  f o r
v-d»- Tn» - o m o i n a t i o n  o f  thes e  p r o p e r t i e s  o p t o e l e c t r o n i c  d e v i c e » .  The ^omoinci
a l l o w s  the  p o s s i b i l i t y  o f  in t e g r a t e d  c i r c u i t s  which  com bine 
both o p t i c a l  and e l e c t r i c a l  p r o c e s s in g  on one c h ip ,  a f e a t u r e
Which i s  not a va i la b le  in s i l i c o n  technology. A p a r t i cu la r  y
á ai c ^vstein i s  th a t  GeAs and a t t r a c t i v e  fe a tu r e  o f  t n i s  m a t e r ia l s  y
• i . r  l a t t i c e  p a r a m e t e r s  so  th e  w h o le  AlAs have v e ry  s i m i l a r  l a t t i c  p
VI mav be explored in e p i t a x ia l  s tructures  com position  range 0<x<l may
under l a t t i c e - m a t c h e d  c o n d i t i o n s .  For rn is  rea&u 
p ro b a b ly  tne s i m p l e s t  h é t é r o é p i t a x i a l  system to  study and,
n o tw ith s ta n d in g  th e  im portant t e c h n o l o g i c a l  a p p l i c a t i o n s  
nentioned above, i s  th ere fore  valuaole  as a tes t ing  ground for  
d e v i c e  and m a t e r ia l s  s t u d ie s  b e fo r e  launcning in t o  more 
advanced m ateria ls  where tne l a t t i c e  matcning c r i t e r i o n  i .  more
S t r i n g e n t
1.2: Low Dimensional Structures
The deve lopment  o f  advanced s em ic on d uc to r  c r y s t a l  growth 
t e c n n i q u e s  such as MBE, with i t s  a b i l i t y  to produce  uni form,  
thin layers  with abrupt i n t e r f a c e s ,  has recently been coupled 
wi tn  nove l  i d e a s  in s em ic on d uc to r  pnysic ;  
t r a n s p o r t  and o p t i c a l  p r o p e r t i e s  i n  t h e s e  u l t r a - t h i n
s e m
in '>’ tn<=*rto unobserved i c o n d u c t o r  i a y a r s  has r e s u l t e d  in . . . t n . i
pnenomena
parameter alone.
The atom ic layer  depth c o n t r o l  o f  MBE allows the in troduction  
o f  new p e r i o d i c i t i e s  in to  semiconductor s tru ctu res ,  by p e r io d ic  
doping and/or by the growth o f  heterostructures  with band-edge 
d is c o n t in u i t y  p e r i o d i c i t i e s  oetween one l a t t i c e  spacing and the 
e le c t r o n  wavelength ( “ 500A).
The range o f  a c t i v i t i e s  in  t h i s  area o f  Low D im ensional 
S t r u c t u r e s  (LDS) c o v e r s  the whole spectrum from fundamental 
p h y s i c s  s t u d i e s  to  p r a c t i c a l  a p p l i c a t i o n s  and co m m e r c ia l ly  
a v a i l a b l e  d e v i c e s  w ith  enhanced perform an ce .  Both these  
c a t e g o r ie s  are d escr ibed  in more d e ta i l  in chapter 8 where the 
High E le c t r o n  M o b i l i t y  T r a n s i s t o r  (HEMT) s t r u c t u r e s  are
s tu d ie d .
1.3- mbE Dopants and M otivation  fo r  Studyi^  the Chalcogens^
The e x t r e m e ly  th in  la y e r s  and aoru pt  i n t e r f a c e s  r e q u ir e d  f o r  
the ob se rv a t io n  o f  low-dim ensional e f f e c t s  means that d i f fu s io n  
o f  m a t r ix  e le m e n ts  and dopan ts  must be p a r t i c u l a r l y  w e l l  
c o n t r o l l e d .  The sp e c ie s  for  c r y s ta l  growth are d e l iv e re d  to the
grow in g  l a y e r s  under e x t r e m e ly  good c o n t r o l  in  MBE and the
thfi l o w e s t  amotigst the grow th  tem p era tu res  a re  g e n e r a l ly  tne
e p i t a x i a l  techniques. I t  i s  however v i t a l  that any dopant used 
in  MBE g r o w t h  o f  LDS m a t e r i a l s  has a s i m p l e  and w e l l  
ch a ra c te r ise d  in corp ora t ion  behaviour.
c o n v e n t i o n a l l y ,  tne  donor s p e c i e s  used to  dope MBE GaAs and 
GaAlAs n - t y p e  have been drawn from group IV o f  the p e r i o d i c
ta b le  (1). S i l i c o n ,  germanium and t in  have a l l  been su ccess fu l  
t o  v a ry in g  d e g re e s  but a l l  s u f f e r  from c o m p l i c a t i o n s  in 
p r a c t i c e .  Tin shows marJced surface segregation during growth, 
maKing abrupt p r o f i l e s  d i f f i c u l t  to  a ch ieve  (2 ) .  Germanium 
shows mariced a m p h oter ic  behaviour  i m p l i c i t  in a l l  group IV 
dopants, oeing a donor or  acceptor according to whether i t  is  
in c o r p o r a t e d  in the g a l l iu m  or  a r s e n ic  s u b l a t t i c e ,  and is  
th e re fo re  very s e n s i t iv e  to the p re c ise  growth cond it ion s  used 
(3 -6 ) .  S i l i c o n  i s  p ro b a b ly  tne b e s t  c h a r a c t e r i s e d  MBE dopant 
f o r  MBE GaAs and GaAlAs out s t i l l  shows am ph oter ic  behav iour  
( a l b e i t  much l e s s  so than germanium) over  a wide range o f  
dop in g  l e v e l s  and in f a c t  c o n v e r t s  from a nec donor to  net 
acceptor  at high concentrations but below the s o l u b i l i t y  l im i t  
(7). S i l i c o n  i s  a lso  qu ite  in v o la t i l e  and care must be taken in 
the  d e s ig n  o f  s u i t a o l e  s ou rces  to  ensure that  the n e ce ssa ry  
high temperatures required do noc resu lt  in the unintentional
generation  o f  im purit ies  (8).
Much o f  the - o n e  on LDS - o r l d w i d e  has been on S i -d o p e d  MBE- 
grow n  G aAs/G 3AlAs h e c e r o s c r u c t u r e s  and th e  s u c c e s s f u l  
r e a l i s a t i o n  o f  u s e f u l  d e v i c e s  has been  h in d e r e d  by th e  
c h a r a c t e r i s t i c s  o f  tne s o - c a l l e d  DX ce n tr e  which has been 
w id e ly  ob se rv e d  in  t h i s  m a te r ia l  system . The d e l i b e r a t e l y  
introduced  s i l i c o n  impurity atoms seem to form both shallow and 
deep donors in Ga^.^Al^As. Tne deep donor has been la b e l le d  the 
DX c e n t r e  in the b e l i e f  th a t  i t  c o r re sp o n d s  to  a com plex  formed
betw een  the s i l i c o n  donor atoms and a s p e c i e s  X, w ith  x
. TT M  ^ The sh a l lo w  donor p o s t u l a t e d  as an a r s e n i c  vacancy V^3
seems t o  dom inate  f o r  x<0.2 out the deep donor dom inates  in  the 
t e c h n o lo g ic a l ly  important region 0.2<x<0.4 (17). In th is  
ran ge ,  the OX c e n t r e  m a n i fe s ts  i t s e l f  a t  low tem perature  v ia
p h otocon d u ct iv ity  which p e rs is t s  a f t e r  the removal o f  l ig h t  and 
a d r a s t iC f  som etim es  t o t a l ,  r e d u c t io n  in the f r e e  e l e c t r o n  
con cen tra t ion  upon coo l in g  from room temperature. Since HEMTs 
may in  p r i n c i p l e  be o p e ra te d  at low tem peratu res  to  take 
advantage o f  the enhanced m ob il i ty  due to suppression o f  phonon 
s c a t te r in g ,  the DX ce n tre -re la te d  phenomena need understanding. 
Even at room temperature, the presence o f  traps or deep donors 
may oe trouolesome fo r  device  operation i f  c a r r ie r  capture and 
em ission  rates  are comparaole to tne operating frequencies. At 
cryogen ic  temperatures, tnese phenomena are d isastrous for  FETs 
cased on HEMT structures  and lead to a ca tastroph ic  co l lapse  in 
the drain current which may only oe recovered upon warming to 
room temperature or i l lu m in at ion .  Such modes o f  operation are 
not p re fe r re d  fo r  p r a c t i c a l  devices .
The r e d u c t i o n  o f  DX c e n t r e  c o n c e n t r a t i o n s  in GaAs/GaAlAs 
h e t e r o s t r u c t u r e s  i s  t h e r e f o r e  o f  g reat  im portance  fo r  tne 
p r a c t i c a l  a p p l i c a t io n  o f  low dimensional structures  to devices.  
At the time or th is  wor*, a p o s s io le  route to sucn a reduction 
in DX cen tre  concentration  was sugges ted oy the then popular 
a r s e n i c  vacancy  model. I f  X were r e a l i y  r e l a t e d  to  a r s e n ic  
vacan c ies ,  then a reduction in the concentration  o f  V 3^ should 
produce a corresponding reduction in the concentration  or DX. A 
s im p le  means o f  d o in g  t h i s  would be to  - g e t t e r -  the v a ca n c ie s  
oy u s ing  a c h a lc o g e n  dopant o ccu p y in g  the a r s e n i c  s u b l a t t i c e .  
This idea i s  te s ted  in chapter 8 and d iscussed  in the l ig h t  o f
more recent work.
The chalcogens  S,Se and Te have been largely  ignored as dopants
in MBS although they have several p o ten t ia l  advantages
group IV e l e m e n t s ,  the main f e a t u r e  being  t h e i r  unambiguous
donor c h a r a c t e r .  Although d i f f u s i o n  may be a prob lem  a t  the  
tem p era tu res  used in  LPE, VPE and f o r  the a c t i v a t i o n  o f  i o n -  
implanted dopants, lower growth temperatures gen era l ly  pertain  
in  MBE. The p r o s p e c t  o f  a h ig h e r  upper l i m i t  to  p r a c t i c a l  n- 
type dop ing  than th a t  s e t  by s i l i c o n  t y p e - c o n v e r s i o n  i s  a l s o  
a t t r a c t i v e  f o r  low r e s i s t a n c e  c o n t a c t s  and power d e v i c e s .  
Higher m o b i l i t i e s  may a ls o  be achievable  with chalcogen dopants 
due t o  reduced com p en sat ion  as compared t o  s i l i c o n - d o p e d  
m ateria l .  There are further  b e n e f i t s  to  be gained by the use o f  
a non-amphoteric dopant in the antimonide m aterial system where 
s i l i c o n  produces only c l o s e ly  compensated p-type m ateria l (18).
These d e f i c i e n c i e s  in the c u r r e n t ly  a v a i l a b l e  n - ty p e  dopants  
a v a i la b le  f o r  use in MBE prompted a wider survey o f  p o te n t ia l  
dopants  f o r  MBE (9) which s u g g e s te d  that  the c h a ic o g e n s  
d e s e r v e d  f u r t h e r  s t u d y ,  e s p e c i a l l y  in  th e  l i g h t  o f  th e  
p o te n t ia l  b e n e f i t s  ou t l in ed  above.
The g e n e r a l  r e lu c t a n c e  to  commit s e r i o u s  e r f o r t  t o  the  use o f  
chalcogen dopants in MBE stems from two reasons, both re la ted  
to t h e ir  high v o l a t i l i t y .  The f i r s t  i s  a fe e l in g  that m ateria ls  
w ith  a high e le m e n t a l  vapour p r e s s u r e  at  the MBE growth 
temperatures are i n t r i n s i c a l l y  unsuitable  s ince  they would not 
be in c o r p o r a t e d  e f f i c i e n t l y .  The second i s  the p r a c t i c a l  
d i f f i c u l t y  o f  c o n s t r u c t i n g  a s u i t a b l e  sou rce  th a t  i s  OHV 
compatible s ince  sulphur selenium and te llur ium  in elemental 
form a l l  have high vapour pressures at baheout temperatures and 
are s i g n i f i c a n t l y  v o l a t i l e  even at  room tem perature ,  
i n i t i a l  r e s e r v a t i o n s  cannot  be s u b s t a n t ia t e d  as c a l c u l a t i o n s  
have snown th a t  the i n t e r a c t i o n  between the GaAs l a t t i c e  and 
the Group VI dopants i s  strong enough t o  guarantee a route fo r
i n c o r p o r a t i o n  ( 9 ) .  The d i f f i c u l t i e s  o f  c o n s t r u c t i n g  UHV 
c o m p a t ib le  c h a lc o g e n  s o u r c e s  has been t a c k l e a  by s e v e r a l  
worJcers using compound sources .
some promising i n i t i a l  r e s u l t s  were reported by Wood (10) who 
used PbS and PbSe sources which gave successful incorporation  o f  
su lphur and se len iu m  and n - ty p e  la y e r s  w ith  n e g l i g i b l e  Pb 
c o n t e n t .  C o l l i n s  (1 1 ,1 2 )  used SnTe to in c o r p o r a t e  both Sn and 
Te but o b s e r v e d  c o m p l i c a t e d  b eh av iou r  in c lu d in g  the e xp ected  
s e g r e g a t i o n  o f  both e le m e n ts .  Cho and Arthur (2) ob ta in ed  a 
very h igh  donor c o n c e n t r a t i o n  w ith  Te but a ga in  observed  Te 
segregation . Smith (13) used SnSS2 to  achieve in corporat ion  o f  
Se but not Sn but with decreasing incorporation  e f f i c i e n c y  or 
dopant a c t i v a t i o n  a t  l e v e l s  aoove lO^’ cm '^ . H^S has been used 
f o r  the i n c o r p o r a t i o n  o f  su lphur in  GaAs, GaAlAs (14) and 
InGaSb (15) grown by MBE ou t  e x h i b i t s  b eh a v iou r  th a t  i s  not 
simple. R e la t iv e ly  high pressures o f  H^ S are required and lead 
to  undesirable memory e f f e c t s  in the MBE system as i t  i s  pumped 
only Slowly (Hire H^ O) maXing abrupt doping changes d i f f i c u l t  
to  achieve and maXing frequent baXing o f  the system necessary.
4.«  4-viah a lthouqh Te i s  p rob a b ly  not This body o f  work s u g g e s t s  t h a t ,  a itn ou g
very u s e fu l  in  MBE GaAs and GaAlAs due to  i t s  s e g r e g a t io n  
behaviour, sulphur and selenium may be useful n-type dopants i f  
a s im ple ,  OHV com patio le  source o f  elemental S 
constructed .
This  t h e s i s  i s  c o n c e rn e d  w ith  the d es ign  and developm ent o f  
such a n ove l  s o u rce  o f  S and Se m o le cu le s  and i t s  use f o r  the 
C h aracter isa t ion  and m odelling o f  the incorporation  behaviour 
o f  S and se in to  GaAs and GaAlAs grown by MBE.
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Chapter 2 covers the experimental apparatus and procedures used 
to  grow GaAs and GaAlAs layers  by MBE. Chapter 3 gives d e t a i l s  
o f  th e  p r i n c i p l e s  o f  o p e r a t i o n  and c o n s t r u c t i o n  o f  th e  
e l e c t r o c h e m i c a l  d o p a n t  s o u r c e s  and th e  r e s u l t s  o f  some 
experiments i l l u s t r a t i n g  the successful incorporation  o f  S and 
Se i n t o  GaAs. Tne grow th  o f  nigh p u r i t y  GaAs i s  d e s c r ib e d  in 
c h a p te r  4 using m o b i l i t y  and p h o to lu m in e s ce n ce  data as a 
demonstration o f  the r e l i a b i l i t y  o f  the MBE system and growth 
p r o c e d u r e s  used, and as a v i n d i c a t i o n  o f  the use o f  d i f f u s i o n  
pumps in  MBE system s.  Chapter 5 o u t l i n e s  the thermodynamic 
framework used f o r  the  d e s c r i p t i o n  o f  the MBE growth and 
d op in g  p r o c e s s e s  and d em on stra tes  th a t  a therm odynam ica l ly  
p r e f e r r e d  i n c o r p o r a t i o n  rou te  f o r  S,Se and Te in  GaAs does 
e x i s t .  Tne in corp ora t ion  or S and Se in to  GaAs i s  investigated  
in greater  d e t a i l  in chapter 6 where more complicated behaviour 
than in  ch a p ter  3 i s  o b se rv e d  under c e r t a i n  c o n d i t i o n s .  The 
thermodynamic model i s  expanded t o  e x p la in  the c o m p e t i t i o n  
between incorporation  and lo s s  rea ct ion s .  Chapter 7 extends 
experimental study to  the in corporat ion  behaviour o f  S and Se 
in to  GaAlAs a l lo y s  and the thermodynamic ca lcu la t io n s  ate again 
used successfully to  in te rp r e t  the r e s u l t s .  Chapter 8 h igh ligh ts
some examples where S and Se, generated oy tne e lectroch em ica l
_ j  — — dopsints ili d©vic6dopant s o u rce s  nave been used a .  successiu i aop
s t r u c t u r e s  y i e l d i n g  enhanced perfom ance  and n ove l  phenomena.
Chapter 9 draws c o n c l u s i o n s  from the work p re s e n te d  here and
o f f e r s  suggestions fo r  farther  work.
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CHAPTER 2: BXPBRIMEHTAL.
2 .1 ;  Apparatus
2 ,1 .1 ;  MBE System.
The e x p e r im e n ta l  work was c a r r i e d  o u t  in a Vacuum G enerators  
MB288 th ree  chamber MBE system , shown in f i g u r e s  2.1 and 2.2. 
This system  fe a t u r e d  a f a s t - e n t r y  a i r l o c i t ,  a p r e p a r a t io n  
chamber and a growth chamber, i s o la t e d  from each other by s i x -  
inch in terna l  diameter gate valves. The growth and preparation 
chambers were independently pumped by d i f fu s io n  pumps f i l l e d  
w ith  a p o ly - p h e n y l  e th e r  o i l  (Santovao 5) and f i t t e d  w ith  
l iq u id  n itrogen co o le d ,  chevron b a f f l e d  traps and pneumatically 
operated i s o la t i o n  valves. Each d i f fu s i o n  pump was bacxed by a 
la rg e  b a l l a s t  volume wnich was p e r i o u i c a l l y  evacu ated  by a 
m o le cu la r  s i e v e  trapped  (108) r o t a r y  pum? whicn was s e t  to  
operate when the bacKing pressure exceeded 0.05 to r r :  under OHV 
con d it ion s  th is  occurred  approximately once every 24 hours. The 
bacxing and d i f f u s i o n  pump i s o la t i o n  valves were pneumatically 
o p e ra te d  and c o n f i g u r e d  to re tu rn  the system to  a f a i l - s a f e  
con d it io n  on power or coo l in g  water fa i lu r e .  Additional pumping 
was provided in the growth and preparation chambers by l iq u id  
n i t r o g e n  shrouded t i ta n iu m  s u b l im a t io n  pumps. The f a s t  en try
lock  was evacuated to  rough vacua by a trapped rotary pump and
j  i-r* i-he o r e o a r a t io n  chamberto  h ig h e r  vacua v ia  a s id e  arm t o  the orepa
d i f fu s io n  pump.
Substrates up to  two inches in diameter could be acco*««>dated on
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the demountable sample holders  which were unusual in that they 
contained an in te g ra l  heater and thermocouple assembly, f igu re
2.3. This combined unit cou ld  be transferred between chambers 
through the  g a te  v a lv e s  on a t r o l l e y  d r iv e n  by a rack and 
p in io n  system  and p lu gged  i n t o  a c c e p t o r s  on high p r e c i s i o n  
manipulators in the growth and preparation cnambers. Connection 
to  the h e a t e r  and th erm ocou p le  were ach ieved  v ia  p ins  on the 
sample h o ld e r  and sprung f i n g e r  c o n t a c t s  on tne  m anipu lator
assembly.
The p r o v i s i o n  o f  the  p r e p a r a t i o n  chamber between the a i r l o c k  
and the growth chamber a l low ed  samples to oe tran s ferred  in to  
the grow th  chamber under UHV c o n d i t i o n s .  The p r e p a r a t io n  
chamber a l s o  c o n t a in e d  f a c i l i t i e s  f o r  sample trea tm en t  and 
a n a l y s i s .  A Varian  3kV CMA Auger a n a lyser  and argon ion  
s p u t t e r i n g  gun were f i t t e d  f o r  s u r fa ce  a n a l y s i s  and depth 
p r o f i l i n g  but th is  chamber was mainly used to outgas the sample 
and h o l d e r  in  UHV p r i o r  t o  g r o w tn  w i t h o u t  i n t r o d u c i n g  
contam ination  in to  the growth chamber.
The grow th  chamber i t s e l f  was q u a s i - h o r i r o n t a l l y  c o n f ig u r e d  
w ith  p o r t s  f o r  e i g h t  e f f u s i o n  c e l l s  whose axes  met a t  a p o in t  
near the  sam ple  s u r fa c e .  The e f f u s i o n  d i s t a n c e  from the c e l l  
o r i f i c e s  t o  the sample was 18cm. Each c e l l  was surrounded by a 
tube Which cou ld  be co o le d  by e i th e r  water or  l iq u id  nitrogen. 
The a rse n ic  and e le c t r o c h e m ic a l  c e l l s  were w a ter -coo led  
the r e s t  were l i q u i d  n i t r o g e n  c o o l e d .  In f r o n t  o f  each c e l l  a 
tantalum sh u tter  was f i t t e d  which was cooled  by conduction from
Kr-ai'i and actuated via a system o f  gsa the tube v ia  tungsten braid  ana a
in s id e  the vacuum by a b e l lo w s  sealed pushrod which was driven 
by a pneumatic c y l in d e r  o u ts id e  the system. A perforated  d
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cryopanel was s itu a ted  between the c e l l  shutters  and the sample 
t o  c o l l i m a t e  the m o le c u la r  beams and t o  ensure th at  o n ly  the 
c e l l  o r i f i c e s  were in  l in e  o f  s ight  o f  the sample. This l iq u id  
n i t r o g e n  c o o l e d  c r y o p a n e l  a l s o  s e r v e d  t o  r e d u ce  c r o s s ­
c o n ta m in a t io n  between the  c e l l s .  This  e n t i r e  m u lt ip le  s o u rce  
assem bly  was surrounded by a la rg e  l i q u i d  n it ro g e n  - o o l e d  
cryotanK with a two inch diameter hole at  the sample end. This 
hole  was shuttered by a l iq u id  nitrogen co o le d ,  pneumatically 
operated main shutter which c lo se d  ju s t  in front  o f  the sample. 
This co n f ig u ra t io n  e f f e c t i v e l y  provided a vacuum system within  
a vacuum system  and ensured  that  from the sample p o s i t i o n  
during growth, only the hot o r i f i c e s  o f  the e f fu s io n  c e l l s  and 
l i q u i d  n i t r o g e n  c o o l e d  s u r fa c e s  were v i s i b l e ,  so  p r o v id in g  a 
p o t e n t i a l l y  e x t r e m e ly  c l e a n  growth environm ent.  A fu r t h e r  
c r y o p a n e l  beh in d  the sample p ro v id e d  e x t r a  cryopumping and 
completed the double walled nature o f  the growth chamber.
A pneum atically  re tr a c ta b le  moveaole ion gauge (MIG) was f i t t e d  
which c o u ld  oe i n s e r t s d  i n t o  the so u rce  re g io n  to  m on itor  the 
so u rce  f l u x e s  p r i o r  t o  growth w h i le  be in g  s h ie ld e d  from the 
sample by the  mam s h u t t e r .  A 1-300 amu Q8 quadrupole  mass 
spectrom eter (V.G. Gas Analysis) was mounted so as to in te rce p t  
a f r a c t io n  o f  the m olecular beams from each c e l l .  However th is  
soon became c o a t e d  w ith  GaAs and was r e t r a c t e d  by 2cm ou t  o f  
l i n e  o f  s i g h t  o f  the s o u r c e s  and used p r im a r i l y  f o r  r e s id u a l  
gas a n a l y s i s  and le a x  d e t e c t i o n .  F i n a l l y ,  the growth chamber 
was equipped with a IdxV e le c tro n  gun (V.G. S c i e n t i f i c  LEGllO) 
snd a phosphor  s c r e e n  to f a c i l i t a t e  r e f l e c t i o n  high energy  
e l e c t r o n  d i f f r a c t i o n  (RHEED) s t u d ie s  o f  the sample m  the 
growth p o s i t i o n .  The in t e r i o r  o f  the growth chamber i s  shown in 
f i g u r e  2.4 w i t h  the main c r y o s h i e l d  removed. The m oveable ion
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gauge, s u b s t r a t e  h o ld e r  s o c k e t  (h o r i z o n t a l  s l o t ) ,  l i q u i d  
n itrogen  coo led  c o l l r m a to r  and quadrupole mass spectrom eter are
a l l  v i s i b l e .
2.1.2; The High Temperature Knudsen Cells .
The h igh  tem peratu re  e f f u s i o n  c e l l s  used f o r  the g a l l iu m ,  
aluminium and indium so u rce s  were c o n s t r u c t e d  by the author 
with s p e c ia l  a t te n t io n  to  the materia ls  used to  ensure that the 
m o le c u la r  oeams were o f  the h ig h e s t  p u r i ty .  In p a r t i c u l a r  
p y r o l y t i c  boron  n i t r i d e  (F u lm er  R e se a rch  I n s t i t u t e )  and 
tanta lum  (G o o d fe l lo w  M eta ls )  were used wherever p o s s i o l e .  I t  
has been shown th a t  i t  i s  p r e f e r a b l e  to  a v o id  the  use o f  
alumina in the con s tru ct ion  o f  e f fu s io n  sources f o r  MBE (1). In 
th e s e  s o u r c e s  the o n ly  alumina used was o f  a h igh  p u r i t y  
(Degussa AL23 grade >99.7% pure). This was tw in-bore  tubing fo r  
the tn e rm o co u p le  in s u l a t o r  and was p la ce d  at  the  rea r  o f  the 
c r u c i b l e ,  w e l l  ou t  o f  l i n e  o f  s ig n t  o f  the sample and w ith  a 
c o n v o lu t e d  gas path ou t  o f  the c e l l .  The th erm ocou p le  a l l o y s  
were tungsten-rhenium 5% and tungsten-rhenium 26%. These a l lo y s  
were chosen  f o r  t h e i r  r e s i s t a n c e  to  c o r r o s i o n  a t  e l e v a t e d  
t e m p e r a t u r e s  and p u r i t y  o f  c o m p o s i t i o n .  C h r o m e l - a l u m e l
th e rm o c o u p le s  were found to  d e t e r i o r a t e  r a p id ly  above 1000°C
j  « ♦-K a 1 nw t e m p e r a t u r e  a r s e n i c  andb u t  w e r e  u s e d  m  t h e  lo w  rem pe
e le c t r o ch e m ica l  c e l l s .
The o v e r a l l  co n s tru c t io n  o f  the high temperature c e l l s  i s  shown 
in  f i g u r e  2 .5 .  The h e a te r  was made from 0.4mm tantalum  ware 
threaded through boron n i t r id e  tubes which ran up and down the 
l e n g t h  o f  t h e  c r u c i b l e .  T h is  a ss e m b ly  was w rapped  wath

approximately 8-10 turns o f  c r in k le d  0.0125mm tantalum f o i l  to  
act  as a heat s h ie ld .  The base o f  the heater was f i t t e d  with 8, 
d i s c  shaped, h eat  s h i e l d s  made from the same f o i l  to  reduce 
r a d i a t i o n  l o s s  from the rear  o f  the c e l l .  The c r u c i b l e  was 
s h o r t e r  than the heated volume and the th erm ocou p le  was 
in t r o d u c e d  through  tne d i s c  heat s h i e l d s  and brought in t o  
con ta ct  with the base o f  the c r u c ib le .
s e v e r a l  d e t a i l e d  d e s ig n s  o f  the f r o n t  o f  the c e l l  were t r i e d  in 
an e f f o r t  to  m in im ise  “ s p i t t i n g "  (7 ,8 )  from  th e  g a l l iu m  c e l l ,  
in  p a r t i c u l a r ,  l i p p e d  and u n l ip p e d  c r u c i o l e s  and vary ing  
degrees o f  heat sh ie ld in g  at the fr o n t  were used. In addit ion ,  
e x t r a  h e a t in g  to  the f r o n t  o f  the  c e l l  to p re v e n t  the  fo rm a t io n  
o f  g a l l iu m  d r o p l e t s  in the c e l l  mouth was a ttem pted .  The 
re s u lt s  o f  these m od if ica t ion s  were in con c lu s ive  and the f in a l  
c e l l s  f e a t u r e d  l i p p e d  c r u c i b l e s  in  the M  and In c e l l s  and 
u n l ip p e d  ones  in  tne g a l l iu m  c e l l .  R igorou s  o u t g a s s in g  o f  the 
g a l l iu m  s o u r c e  was su o se q u e n t ly  found to e f f e c t  the most 
p ro fo u n d  im provem ent in the d e n s i t y  o f  “ s p i t “ typ e  d e f e c t s  in
grown layers .
The a r s e n i c  c e l l  was o f  s i m i l a r  c o n s t r u c t i o n  but w ith  a much 
la rg er  c r u c ib le  which was made o f  high purity  graphite rather 
than boron n i t r id e .  The heater tubes were made o f  AL23 alumina 
which was q u ite  su ita b le  f o r  low temperature operation .
2.2: Pre-Growth Procedures.
2.2.1: MB288 Operatiotu
in  a dd it ion  to  Being operated in accordance with conventional 
UHV p r a c t i c e s ,  the fo l l o w in g  precautions were a ls o  taken. Banes 
were t y p i c a l ly  conducted overnight at 175°C fo r  10 hours with 
the d i f fu s io n  pumps o u ts id e  the oakeout region and with th e ir  
c o l d - t r a p s  f i l l e d  w i t h  l i q u i d  n i t r o g e n .  The c e l l s  were 
g e n e r a l l y  kept at 200°C during  the bake. Subsequent to  th i= ,  
the  d i f f u s i o n  pump t r a p s  were kept f i l l e d  w h i le  the chamber 
i s o l a t i o n  v a lv e s  were open. I f  the system was unattended f o r  
» o r e  than 15 hours ,  th e  i s o l a t i o n  v a lv e s  were c l o s e d  and the 
s y s t e m  pumped by a 60 l i t r e  p e r  s e c o n d  i o n  pump w hich  
maintained a base pressure o f  b e t te r  than lO'^mB. The d i f fu s io n  
pump traps were p e r i o d i c a l l y  baked using heating tape in to  the 
d i f f u s i o n  pumps with the i s o la t i o n  valves c losed .
U o - t o - a i r  t im es  were m in im ised  in an e f f o r t  t o  reduce system 
c o n ta m in a t io n  and o x i d a t i o n  o f  s o u rce  m a t e r ia l s .  F u rth er ,  
f i l t e r e d  dry nitrogen from the vapc r i s a t io n  o f  l iq u id  nitrogen 
was used to  b a c k f i l l  the system to maintain a s l ig h t  p o s i t iv e
presovic© in the chambers.
were load ed  w ith  no p re tre a tm e n t .  The The so u rce  m a t e r ia l s  wete
a w ith  s u f f i c i e n t  aluminium toaluminium c e l l  was o n ly  f i l l e d  - i t h  s u t n c
3ust o u t la s t  the a rse n ic  c e l l  so as to  reduce the strain  on the 
horon  n i t r i d e  c r u c i b l e  on s o l i d i f i c a t i o n  , 2 , .  7N pure g a l l iu m  
from canyonlands C o r p o r a t io n  was used. The 7N 
purchased from both Canyonlands and Johnson Matthey. The indium
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was 7N pure from MCP and the aluminium 6N pure from M etals  
C rysta ls  Ltd. Typica l c e l l  charges were Ga-20g, Al 3g. In 20g,
As-60g.
2,2.2s Flux C a librat ions .
f luxes w®re made from measurements o f  the Calibration o f  source tiuxes
1 arrar« -iTown throu^h masXs under com posit ion  and thicxnessas or layer:, grown tnroug
w i. rate was determined by the to ta lthe assumption that the growth rate waa,
 ^ ♦.a.fnr-woT'ai-iir^ s whsre qroup I I I  lo ss  from group I I I  f lu x  at growth temperatures wnere g
the s u b s t r a t e  was n e g l i g i b l e .  The p ressu res  in the m o le cu la r  
oeams were measured with the moveable ion gauge. The ion gauge 
c o l l e c t o r  c u r r e n t  was measured w ith  a K e ith le y  model 610 
e le c tr o m e te r  and co r re c t io n  made fo r  the bac<grou.-.d pressure by 
making measurements w ith  the so u rce  sh u tter  open and c l o s e d .  
For the group  I I I  c e l l s  the f l u x  was a l low ed  to s t a b i l i s e  f o r  2 
m inutes  as the f r o n t  o f  the c e l l  c o o l e d  when the heat r e f l e c t e d  
Oac)c i n t o  the c e l l  - a s  removed by the a c t i o n  o f  opening the 
shutter .  The arsen ic  f lux  was measured on the assumption that 
ASa had the same i o n i s a t i o n  c r o s s - s e c t i o n  as g a l l iu m  s in c e  
a rsen ic  has a s im ila r  atomic number. Correction was a ls o  made 
in c a l c u la t in g  f lu xes  from measured pressures fo r  the fa c t  that 
the i o n is a t io n  gauge measures density  rather than pressure by 
a l l o w i n g  f o r  the d i f f e r e n t  v e l o c i t i e s  o f  tne m o le cu la r  beams
s-xamont was s i m p l i f i e d  in the MB288 by (3 ) .  A r s e n ic  f l u x  measureme
.  raf l i a u i d  n itrogen  c ry o p a n e l in g  >,irtue o f  the la r g e  amount o f  l i q u i a
of  AS re f le c te d  baclc through 
which g re a t ly  reduced the amoun 4
the gauge in m ult ip le  passes oy condensing i t  out.
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2.2.3: Substrate Temperature Measurement.
The sample holder was equipped with a thermocouple which was in 
c o n t a c t  w ith  the bade o f  the molybdenum mounting b l o c * .  To 
assess  the accuracy o f  the thermocouple, the temperature o f  the 
f r o n t  s u r fa c e  o f  t h i s  b lo c k  was measured oy s e v e r a l  means. A 
dual wavelength in f r a - r e d  pyrometer (Vanretti Systems, USA) was 
used to  o b se r v e  the o lo c ir  in vacuo through a f r e s h l y  c lea n ed  
v iewport ,  compensation fo r  the d i f f e r e n t i a l  absorption  o f  the 
two pyrometer wavelengths by the window was corrected  f o r ,  to a 
f i r s t  approximation, by in sert in g  a second window in the path 
o f  the d e te c to r ,  noting  the temperature error  introduced, and 
then doubling i t .  For a GaAs sample soldered  to  the b lock with 
indium , the p y ro m e te r  in d i c a t e d  chat at  the t y p i c a l  growth 
tem p era tu re  o f  600°C the  therm ocouple  was reading some 30°C 
high . T h is  was c o n f i r m e d  r o u t in e ly  oy o b s e r v in g  the m elt in g  
p o in t  o f  aluminium w i r e  (660°C) c l i p p e d  t o  the b lo c k  a f t e r  i t  
had been c le a n e d  o f  indium t o  preven t  tne fo r m a t io n  o f  any 
indium-aluminium a l l o y .  The melting po in t  ooserved in th is  way 
was between 690°C and 700°C. The most usefu l c a l ib r a t io n  point 
f o r  the substrate  temperature came from the observation  o f  the 
c l e a n -u p  and su bseq u en t  s u r fa c e  r e c o n s t r u c t i o n  o f  GaAs in  an 
a rsen ic  f lu x  p r io r  t o  growth as observed by RHEED. This usually 
took  p la c e  at a te m p era tu re  in d i c a t e d  oy the th erm ocou p le  o f  
630°C. c o r r e c t i n g  f o r  the e s t im a te d  e r r o r  g iv e s  a f i g u r e  or 
600°C which i s  in  good  agreement w ith  the u s u a l ly  quoted
f ig u res  o f  580®C-600°C(4).
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2.2.4: Substrate Preparation.
Layers were gen era l ly  grown on both n-type and sem i-insu lat ing  
(100) GaAs substrates  simultaneously. The wafers were supplied 
chemo-mechanically po lished  on both s id es .  The n-type GaAs from 
MCP was s i l i c o n  doped at  lO^^cm'^ w h i le  the s e m i - in s u la t in g  
GaAs was nominally undoped and supplied by Hacker. Tne n-type 
InP was e i t h e r  sulphur doped at  l o l ’ cm'^ o r  t i n  doped at 
10^®cm"^ and the sem i- insu lat ing  InP was iron  doped from Metals 
R esearch .  S u b s t r a te  t h ic k n e s s e s  o f  0.35mm were t y p i c a l .  A ll  
reagents used fo r  degreasing or etching were Aristar grade and 
the g la s s w a r e  was a l l  h igh p u r i t y  s i l i c a .  The p r o c e s s e s  were 
ca rr ied  out in  a laminar flow chemical work s ta t ion .
The p o l i s h e d  w a fe rs  were r e f lu x  washed f o r  30 m inutes in hot 
a c e t o n e ,  t r i c h l o r o e t h y l e n e  and f i n a l l y  p rop a n o l .  A f t e r  blow 
drying in  f i l t e r e d  dry nitrogen, they were etched for  2 minutes 
in  hot  (90°C) 1 5 :2 :2  H2S04:H2O2:H2O (5 ) .  The e t ch  was quenched 
in  18 d e i o n i s e d  f i l t e r e d  water from a M i l l i - Q  4 -bow l
pure water system (6). After two minutes o f  r ins ing ,  the s l i c e s  
were blown dry taking care not to  leave drying sta ins .
The su bstra tes  were mounted on the suostrate  holder with pure 
indium s o l d e r  a t  175°C. The backs o f  the s l i c e s  were w e l l  
w e t te d  by f l o a t i n g  them on e x c e s s  In on the heated  s u b s tra te  
h o ld e r .  The s l i c e s  were then removed and r e p la c e d  u n t i l  a 
u n ifo rm  l a y e r  o f  In had adhered. Excess  In was then removed 
from the ho lder  and the s l i c e s  remounted. F ina lly  the substrate 
h o ld e r  was lo a d e d  in t o  the f a s t  e n try  locic on the MBE system. 
Pumpdown and t ra n s fe r  into  the preparation chamber t y p ic a l ly  
took 10 minutes. The substrates  and the holder were then store
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o v e r n ig h t  a t  100°C f o r  growth the next day o r  im m ediate ly  
outgassed at 200°C (InP) or  350°C (GaAs) £ o r - l - 2  hours p r io r  to 
growth u n t i l  the preparation chamber pressure had fa l le n  below
2,3; Growth Procedures.
B e fo re  grow th  was commenced, the l i q u i d  n i t r o g e n  f lo w  around 
the c e l l  surrounds and the c r y o p a n e ls  was s t a r t e d .  Once the 
cryopanels  were c h i l l e d  and the flow s t a b i l i s e d ,  the gallium, 
indium and aluminium c e l l s  were heated  to  t h e i r  o p e ra t in g
temperatures.
When the c e l l  temperatures had s t a b i l i s e d ,  the f lu x es  from each 
c e l l  ware measured. The f lu x  measurements were made w ith  the 
m oveable  ion  gauge once the f l u x  had e q u i l i b r a t e d  a f t e r  the 
s h u t t e r  was opened. The s h u t te r  was then c l o s e d  and the 
oacltground pressure noted and subtracted. Tne c e l l  temperatures 
were then adjusted to  g ive  the required f luxes f o r  the growth. 
The f o l l o w i n g  c a l i b r a t i o n  p o i n t s  w ere  d e t e r m in e d  from
measurements o f  the thicxness and com position  o f  grown layers .
raA« was a ch ie v sd  f o r  a g a l l iu m  One m icron  per hour growth o f  GaA= was a c m e
beam current o f  approximately 2x10-8a measured at  1mA emission. 
The corresponding f igu res  for  AlAs and InAs were 1.1x10-8a and
4xlO"®A.
The p o in t  at which the incident a rsen ic  atom f lu x  equalled the 
gall ium  f lu x  was judged by the current ra t io  at which the g 
GaAs became co v e r e d  in Ga d r o p l e t s  and o c c u re d  f o r  an a r s e n i c  
beam c u r r e n t  o f  a p p rox im a te ly  6x 1 0 -8 a . The a r s e n i c  f lu x  was
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always Kept in e x c e s s  o f  the t o t a l  group I I I  f lu x  d u rin g  growth 
and in term s o f  c u r r e n t  r a t i o s  was t y p i c a l l y  o f  the o r d e r  o f  5 -  
10:1 f o r  GaAs and GaAlAs and 2 0 -5 0 :1  f o r  indium c o n t a in in g  
a l lo y s .  When the required f luxes  had been set ,  the moveable ion 
gauge was retracted  from the growth p o s i t io n  and i t s  f i lam ent
extinguished .
At th is  po in t  the outgassed samples were transferred  from the 
preparation  chamber to the growth chamber with the main shutter 
c l o s e d .  The s u b s t r a t e  was then r o t a t e d  to  the growth p o s i t i o n  
fa c in g  the c e l l s  and the main s h a t t e r  opened. The a r s e n i c  
shutter was then opened and the GaAs substrate heated to  620°C 
in the arsen ic  f lu x  desired  fo r  growth.
During t h i s  process the RHEED pattern from the <110> and <I10> 
azim uths  was o b se rv e d .  For GaAs, below SOOOC the d i f f r a c t i o n  
pattern was generally  d i f fu s e  with only the zero order streak 
d i s c e r n i b l e .  At -500°C the c o n t r a s t  o f  the p a ttern  improved 
cons iderab ly  g iv ing  a 1x1 pattern. At approximately 600°C the 
p a t t e r n  s tren gth en ed  aga in  in i n t e n s i t y  and 1/4 and 1 /2  o rd e r  
s t r e a k s  c o u ld  be d i s c e r n e d  in  the <tlO> and <110> azim uths 
r e s p e c t i v e l y .  The s u b s t r a t e  was then kept at 620°C f o r  one or  
two minutes during which time th is  reconstructed (2x4) pattern
usually  improved further in co n tra s t  and brightness. On cer ta in
were required to  produce the occas ion s  temperatures up to 650 C were req
.  4-é^n h.it th is  could  usually  be c o r re la te d  with(2x4) reconstuct ion  but tn is  cuu
f  hWo s l i c e  w ith  in d iu m  and p o o r  w e t t i n g  o f  the  r e a r  o f  th e  s l i c e
subsequent i n e f f i c i e n t  heat tran s fer .
The d e s i r e d  g r o  
i n i t i a t e d  by open ing  the group
wth t e m p e r a t u r e  was then s e t  and g ro w th
I I I  s h u t t e r ( s ) .  The p r a c t i c a l
upper l im i t  o f  growth temperature could be judged by observing 
the RHEED pattern  as the substrate temperature was raised. For 
GaAs/GaAlAs, the 2/4 order streaKs in the <I10> azimuth faded 
f i r s t  l e a v in g  o n ly  the 1 / 4 , 3 / 4  and 5 /4  s t r e a k s ,  when the 2 /4  
s t re a k s  had d i  sappeared , the n /4  (n odd) o r d e r  s t re a k s  were 
fa in t  and almost merged with the in tegra l  orders. In the <110> 
azim uth , the 1 /2  o rd e r  s t re a k s  were somewhat reduced in 
in te n s ity  and somewhat d i f fu s e .  Some 10°C above the e x t in c t io n  
temperature o f  the 2/4 streaks in the <I10> azimuth, the n/4 (n 
odd) streaks a lso  faded leaving only the integer order streaks 
in t h i s  azimuth and f a i n t  1 /2  o r d e r  s t re a k s  in the <110> 
azimuth. A fu r t h e r  r i s e  o f  10°C r e s u l t e d  in the t o t a l  l o s s  o f  
f r a c t i o n a l  o r d e r  i n t e n s i t y  and a s p o t t y  1x1 p a tte r n  which 
u s u a l ly  c o r r e l a t e d  w ith  a very rough grown s u r fa c e .  Further 
in c r e a s e  in  tem perature  produced group I I I  d r o p l e t s  on the 
s u r fa c e .  The GaAs (100) (4x2) p a t te r n  c h a r a c t e r i s t i c  o f  the 
gallium s t a b i l i s e d  surface  was not observed.
A fter  the required growth sequence, the growth was terminated 
by c l o s i n g  a l l  but the a r s e n i c  s h u t t e r .  The s u b s t r a t e  heating  
was then turned o f f  and the s u b s t r a t e  c o o l e d  in an a r s e n ic  
f lu x .  The a rsen ic  shutter was c lo se d  when the sample had cooled  
below 300°C. When the temperature had fa l le n  below 200°C, the 
sample was removed from the system and a new one loaded fo r  the
next growth.
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CHAPTER 3: ELECTROCHEMICAL CHALCOGEN SOURCES.
3 ,1 ;  In trod u ct ion .
The e l e c t r o c h e m i c a l  g e n e ra t io n  o f  ch a lco g e n  s p e c i e s  has been 
used p r e v i o u s l y  f o r  a d so rp t io n  s t u d ie s  (1 ) ,  i n v e s t i g a t i o n  o f  
chalcogenide com posit ion  and e l e c t r i c a l  p rop ert ie s  (2) and mass 
s o e c t r o m e t r i c  a n a ly s e s  o f  ch a lc o g e n  vapour c o m p o s i t io n s  (3 ) .  
The adaptation o f  t h is  technique to produce dopant sources fo r  
MBE (4) p r o v id e s  a novel and c o n v e n ie n t  s o l u t i o n  to the 
prob lem s o f  UHV i n c o m p a t i b i l i t y  and u n c e r ta in ty  o f  beam 
com position  inherent in thermal evaporation from elemental or
compound sources.
3 ,2 ;  P r in c ip le s  o f  Operation.
The p r i n c i p l e s  o f  o p e r a t io n  w i l l  be d e s c r i o e d  in  terms o f  the 
su lphur c e l l .  The selenium  c e l l  i s  s u b s t a n t i a l l y  s i m i l a r  but 
d i f f e r e n c e s  w i l l  be outlined  in a fo l l o w in g  sect ion .
The hey t o  the o p e r a t io n  o f  the e l e c t r o c h e m i c a l  ch a lcog en  
sources l i e s  in  the properties  the s i l v e r  chalcogenides. These 
compounds a l l  e x h i b i t  a d e f e c t e d  c r y s t a l  s t r u c t u r e  and can 
e x i s t  over a range o f  compositions c l o s e  to  s to ich iom etry .  The 
la r g e  im m ob ile  a n io n s  (S,Se> are g e n e r a l l y  d is p o s e d  on a w e l l  
d e f in e d  l a t t i c e  (body cen tred  c u b i c  f o r  the high temperatu 
form s o f  the s u lp h id e  and s e l e n i d e  (1 0 ) )  w ith  the s i l v e r  io n s  
d is t r ib u te d  randomly among a large  number o f  nearly equivalent 
l a t t i c e  s i t e s .  The phase diagram f o r  s i l v e r  sulphide (Ag^S) i s
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t e m p e r a t u r e  on th e  v e r t i c a l  a x i s .  The a lp h a  b e ta  phase  
t r a n s i t i o n  ta k e s  p la c e  a t  about 176°C. The im portant  p o in t  i s  
that the range o f  n on -sto ich iom etry  is  much larger  for  the beta 
phase and that i t  extends from the the two extremes o f  s i lv e r  
p r e c ip i t a t i o n  to  sulphur p re c ip i ta t io n .
shown in  f i g u r e  3 .1 .  In the high tem perature  phase, above 
175°C, the com position  range i s  qu ite  substantia l :  at 200°C i t  
ranges  from a s i l v e r  e x c e s s  o f  2x10"^ mol Ag/mol Ag2S in 
eq u il ib r iu m  with elem ental s i l v e r  to  near idea l  sto ich iom etry  
when the su lp h id e  i s  in  e q u i l i b r iu m  w ith  l i q u i d  sulphur (5 ) .  
C l e a r l y ,  the  sulphur vapour p ressu re  in  e q u i l ib r iu m  w ith  the 
s u lp h id e  w i l l  be d e p r e s s e d  from th at  o f  e lem en ta l  su lphur at 
the  s i l v e r  d e f i c i e n t  end o f  i t s  c o m p o s i t i o n ,  to  a very low 
v a lu e  in  the  s i l v e r  r i c h  r e g io n .  T h e r e fo r e ,  by vary in g  the 
com posit ion  o f  the sulphide, one may explore  a very wide range 
o f  sulphur vapour pressures.  A su ita o le  means o f  adjusting the 
com posit ion  i s  by taxing advantage of the easy in te rd i f fu s io n  
o f  s i l v e r  ions  th rough  the open c a t i o n  s u b l a t t i c e  in the 
s u l p h i d e ,  and a d d i n g  o r  s u o t r a c t i n g  s i l v e r  i o n s
e l e c t r o l y t i c a l l y .
con s id er  the c e l l  Pt/Ag/AgI/Ag2S/Pt. The s i l v e r  iod ide i s  used 
as an e l e c t r o l y t e  and i s  an a lm ost  p u re ly  i o n i c  c o n d u cto r  in 
i t s  h ig h  t e m p e r a t u r e  p h a s e .  Above 146 C i t »  Ag l o  
c o n d u c t i v i t y  i s  h ig h :  1.31 (ohm.cm) at 146 C, 2.1
at  350°C and 2.6 (oh m .cm )-l  ^t 500°C w h ile  i t s  e l e c t r o n i c  
component i s  much sm aller  - l O ' «  (onm.cm)'! ( j . g , .  passage o f  a
current through the c e l l  causes migration o f  Ag+ ions through
j  I sil-vsjr mol© f r a c t io nthe Agl Which e i th e r  enrich  or dep lete  the s i lv e r  m
- • .. vwa rii r u c t i o n  o f  c u r r s n t  fXow»o f  the s u lp h id e ,  depenaing on the d i r e c t i
e Qulohide IS a mixed e le c t r o n i c  andThe Agl i s  necessary as the sulp
i o n i c  co n d u cto r  (7 ) .  The emf o f  the above c e l l  p r o v id e s  a 
d i r e c t  measure o f  the  ch e m ica l  p o t e n t i a l  o f  the s i l v e r  in  tne 
S i l v e r  su lp h id e .  From t h i s ,  the s i l v e r  and hence sulphur 
a c t i v i t i e s  can be deduced . Under c o n d i t i o n s  where the Ag2S -  
in  e q u i l ib r iu m  w ith  su lphur vapour ( in  a Knudsen c e l l  f o r
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example) there  is  there fore  a d i r e c t  re la t ion sh ip  between the 
c e l l  emf and the p a r t ia l  pressures PS^ o f  the d i f f e r e n t  sulphur 
m olecules.  This may be expressed as (8);
PS^*PS^,.exp(2x(E-E*)F/RT) ( 1 ) ,
where PS i s  the p a r t i a l  p re s s u r e  o f  the m o le cu la r  s p e c i e s  
over equ il ibr ium  p a rt ia l  pressure o f  spec ies
o v e r  l i q u i d  su lph u r ,  E i s  the emf o f  the c e l l ,  E’ the c e l l  
emf in eq u il ib r iu m  with l iq u id  sulphur, R i s  the gas constant, 
T the abso lu te  temperature and P Faradays constant. E has been 
assu red  as 0.23V at  200°C and 0.243V at 3U0°C (2) and the PS^.m
t a b u la t e d  (8).
I t  i s  c l e a r  from t h i s  e q u a t io n  th a t  the (P S ,)  a te  a l l  l e s s  than
the (P S ,. ) .  A lso , as E is  reduced, the species  with high values
o f  X have th e ir  vapour pressure reduced much more rap id ly  than
th ose  w ith  low v a lu e s .  The consaquence o f  t h i s  i s  th a t  w h i le
fo r  E-E- ( c e l l  in equilibrium  with l iq u id  sulphur) Sg r ings  are
the predominant gas phase sp e c ie s ,  for  values o f  E s u f f i c i e n t l y
s m a l le r  than E-, S j  d im ers  have tne h igher  vapour p r e s s u r e .
Atomic sulphur has a very low elemental p a r t ia l  pressure at  the
temperatures we are considering  and although i t  i s  favoured by
the e x p o n e n t ia l  term , the very sm all  va lue  o f  PS,, means th a t
the monomer does not have a s ig n i f i c a n t  p a r t ia l  pressure in our
operating  range. The re la t io n s h ip  between the p a r t ia l  pressures
f o r  the d i f f e r e n t  su lphur s p e c i e s  and the c e l l  emf i s  p l o t t e d
. • a c s l l  ©mf lo w s r  than
in  f i g u r e  3.2. C ie a r iy r
j- wc be the predominant spec ies .
200mV guarantees that dimers w
The c o m b in a t io n  o f  th
. —„ 1 1  w ith  a Knudseni s  e l e c t r o c h e m i c a l  c e l l
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FIGURE 3.2: sulphur p a r t ia l  pressure over  Ag^S versus c e l l  emf.
c e l l  r e s u l t s  in  a most c o n v e n ie n t ,  c o n t r o l l a b l e  so u rce  o f  
su lph u r  d im ers  s in c e  the f lu x  e f f u s i n g  from such a c e l l  i s  
p rop ort ion a l  to  the sulphur vapour pressure which i s  d i r e c t ly  
a c c e s s ib l e  v ia  the c e l l  emf. Under condit ions o f  equilibrium , 
at any p a r t i cu la r  c e l l  emf E, the rate o f  loss  o f  sulphur from 
the e f fu s io n  c e l l  i s  exact ly  balanced by the ex tra c t ion  o f  Ag 
io n s  from the s u lp h id e  v ia  the Agl. This is  m easurable as a 
current through the c e l l .  I t  is  p o s s io le  to  drive the c e l l  with 
a c u r r e n t  s o u r c e ,  making use o f  Faraday's law t o  c a l c u l a t e  the 
curreht  tor  the requited f lu x ,  with the proviso that the vapour 
pressure demahded by the operating temperature and Knudsen c e l l  
geometry does not p lace  the Ag^S too near the sulphur r ich  end 
o f  the  c o m p o s i t i o h  range. However, changing t o  a new f l u x  and 
hence c u r r e n t  w ould  e n t a i l  a long  w a it  as the ra te  o f  change o f  
th e  s u l p h i d e  c o m p o s i t i o n  (and h en ce  the s u lp h u r  vapour 
pressure) i s  f ix e d  by the applied  current which transports the 
io h s  to  o r  from the AgjS. The c u r r e n t s  th at  co r re sp o n d  to 
MBE doping f lu x e s  are small and e q u i l ib ra t io n  times using tn is  
mode o f  operation  may be o f  the order o f  hours.
I f  the c e l l  i s  d r iv e n  from a v o l t a g e  so u rce ,  the c e l l  may be 
Charged or  d i s c h a r g e d  between o p e r a t in g  emfs at  a cu r re n t  
l i m i t e d  o n ly  by the in t e r n a l  r e s i s t a n c e  o f  ^he c e l l ,  
c u r r e n t  th r o u g h  th e  c e l l  w i l l  then  s e t t l e  down t o  
corresponding to  the e f fu s in g  f lu x  a f t e r  a short per io  
when the sulphide has achieved the required com position . These 
e q u i l ib r a t io n  times are o f  the order o f  ohe or  two seconds ,2. 
f o r  c e l l s  operated  at lOflOc, ie  where both the Ag^S and the Agl 
are in th e ir  high temperature phases and where the d i f fu s io n  o f  
Ag through the AgjS and the i o n i c  c o n d u c t i v i t y  o f  the Agl are 
high. I f  th is  rapid  response i s  to  be achieved, i t  i s  importan
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th a t  the impedance o f  the v o l t a g e  source  d r iv in g  the c e l l  i s  
low  co m p a re d  w i t h  the  i n t e r n a l  r e s i s t a n c e  o f  the  c e l l ,  
o t h e r w is e  the ch arg in g  o r  d is c h a r g in g  cu rren t  w i l l  c r e a t e  a 
s i g n i f i c a n t  vo ltage  drop across th is  impedance and the desired  
emf w i l l  n e v e r  be r e a c h e d ,  u n f o r t u n a t e l y  th e  i n s e r t i o n  
r e s i s t a n c e  o f  most cu rre n t  measuring d e v ic e s  s u f f i c i e n t l y  
s e n s i t iv e  to measure the equilibrium  currents involved ( 10 ^A)
are too  large.
in  p r a c t i c e  a D ate l  model DVC 8500 d i g i t a l  v o l t a g e  sou rce  was 
used which had a current l im i t  o f  25mA and an output impedance 
le s s  than 10 m illiohms. This was connectée d i r e c t l y  to the c e l l  
w ith  no c u r r e n t  m on ito r in g  d e v i c e .  One i i n a l  a s p e c t  th a t  may 
have an in f lu en ce  on the c e l l  response time i s  the free  volume 
o f  the Knudsen c e l l .  The time tanen fo r  th is  volume to f i l l  or 
em pty  on c h a n g in g  th e  f l u x  may be c a l c u l a t e d  t o  be 
s i g n i f i c a n t l y  le s s  than one second for  any p r a c t ica l  design.
The e l e c t r o c h e m i c a l  Knudsen c e l l  c l e a r l y  has advantages in 
terms o f  purity  o f  beam com position , low temperature operation  
and speed o f  resp on se .  In f a c t ,  the response time should  be 
ra p id  enough f o r  the e n t i r e  MBB doping range ( l o l « c m - 3  to  10 
19cm-3) t o  be t r a v e r s e d  oy the c e l l  m  a tim e com parable  t o  
th a t  r e q u i t e d  t o  d e p o s i t  one monolayer o f  GaAs during  
g ro w th ,  com parable  t o  the o p e r a t io n  time o f  a m echan ica l  
Shutter. More importantly, step changes between two d i f f e r e n t  
dop in g  l e v e l s  are  p o s s i b l e  w ith  ju s t  one s o u r c e ,  unlilce 
conventional thermal e f fu s io n  sources where heating and c o o l in g  
t i m e s  a r e  much l o n g e r .  T h is  r a p id  p r o g r a m m a b i l i t y  i s  
p a r t i cu la r  ly  appropriate f o r  doping in s u p e r la t t ice  structures  
where th icknesses  can oe counted in atomic lay
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3 ,3 :  Cell  Construction.
The e lectroch em ica l  sulphur c e l l  is  shown assembled in f igu re  
3.3 and s c h e m a t i c a l l y  in f i g u r e  3.4. The e l e c t r o c h e m ic a l  c e l l  
was formed by p r e s s in g  7mm d iam eter  p e l l e t s  o f  the powdered 
m a t e r ia l s  (K och -L ight  Ltd .)  in a BecKman i n f r a - r e d  sample 
preparation die. The Agl p e l l e t  was pressed f i r s t  and then the 
Ag,S added to  the d i e  and p ressed  on top o f  the Agl to  form a 
s in g le  p e l l e t .  This was then insetted  into the machinable g lass  
c e ra m ic  Knudsen c e l l  and held  in c o n t a c t  with the s i l v e r  d i s c  
and the p latinum  e l e c t r o d e s  by a tungsten sp r in g .  The c e l l  
o r i f i c e  was 1mm. A 0.25mm tantalum wire heater was wound on a 
d o u b le  s p i r a l  g roove  machined in the c e l l  body and trapped in 
p o s i t io n  by a machinable g lass  ceramic sleeve. A chromel-alumel 
th erm ocou p le  in  c o n t a c t  w ith  the s i l v e r  e l e c t r o d e  served  to  
measure the temperature. The c e l l  assembly was supported on a 
s t a i n l e s s  s t e e l  rod on an PC64 f la n g e  and mounted in the MBE 
system  on a c e l l  f la n g e  w ith  a w a t e r - c o o le d  surround and
shutter .
A f t e r  baseou t  . the c e l l  was heated to  250°C to  ou tgas  i t  and 
then low ered  to  200°C a f t e r  one nour. Tne c e l l  was m aintained 
at  th is  temperature, being coo led  to  room temperature only when 
the system was l e t  up to a ir .  «hen not a c t iv e ly  being used fo r  
d o p in g ,  the c e l l  was d is ch a rg e d  t o  lOOmV and l e f t  in an o p e n -
c i r c u i t  condit ion .
A S l i g h t l y  d i f f e r e n t  form o f  c o n s t r u c t i o n  was used f o r  the 
selenium c e l l  which was assembled from alumina tube and p la te  
stoch  components fo r  convenience. The p e l l e t  was formed in the
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same way as f o r  the sulphur c e l l ,  with the simple su b s t i tu t io n  
o f  s i l v e r  se len id e  (Lancaster Synthesis) for- the sulphide. The 
se len ium  c e l l  has t o  be o p e ra te d  at  a h igh er  tem perature  as 
se len ium  i s  l e s s  v o l a t i l e  than su lphur: t y p i c a l l y ,  c e l l  
tem p era tu res  o f  300°C were used. E' f o r  the se len ium  c e l l  has 
been measured as 0.273V at 150°C (9).
Certain d i f f i c u l t i e s  were experienced when the selenium c e l l  
was being t r i e d  out. On heating from room temperature to  300°C 
fo r  the f i r s t  time, the c e l l  would go s n o r t - c i r c u i t  in te rn a l ly  
and d ischarge .  This was not due to any mechanical short  on the 
connecting w ires  e ith er  ins ide  or outs ide  the vacuum system and 
happened  f o r  th e  f i r s t  two o r  t h r e e  c e l l s  c o n s t r u c t e d .  
Examination o f  the e l e c t r o ly t e  p e l l e t  revealed that the Agl had 
become c o a t e d  w ith  a la y e r  o f  wnat appeared to  be Ag2Se when 
analysed by EDAX in the scanning e le c tro n  microscope. Ag2Se has 
a r e la t iv e ly  high e le c t r o n ic  con du ct iv ity  and i t  was th is  that 
was ca u s in g  the c e l l  sh o r t .  The problem was overcom e by 
d e l i b e r a t e l y  d is c h a r g in g  the c e l l  at room tem perature  and 
iceeping i t  s h o r t  c i r c u i t e d  w h i le  i t  was heated to  300°C f o r  the 
f i r s t  t im e .  T h is  keeps the s e l e n id e  at the s i l v e r  r i c h  end o f  
i t s  c o m p o s i t i o n  and so p r e v e n t s  the e v o l u t i o n  o f  l a r g e  
q u a n t i t ie s  o f  selenium as the c e l l  i s  heated i f  the a s -rece ived  
se len ide  is  a t  the selenium r ich  end o f  i t s  com posit ion  range. 
The s h o r t in g  problem  thus s o lv e d  however, tended t o  reappear 
a f t e r  a p e r i o d  ranging from days to  months, w ith  the same 
degradation o f  the s i l v e r  iod ide .  An explanation may oe sought 
by con s ider in g  the reaction :
2AgI-H /2X2=l2+Ag2X
( 2 ) ,
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where X*S or Se. C a l c u l a t i o n  o f  the e q u i l i b r iu m  co n s ta n t  
k*P (l2) / (P S2)^/^ from standard thermochemical data (10) shows 
that at 200°C the react ion  l i e s  almost com pletely  to  the l e f t ,  
g i v i n g  k*10“ ® atm ^/^, c o n s i s t e n t  w ith  the s t a b i l i t y  o f  the 
su lphur c e l l .  At 300°C how ever,  s u b s t a n t ia l  d e c o m p o s i t io n  o f  
the i o d i d e  i s  p r e d i c t e d ,  w itn  k~0.5 atm^/2. The r e a c t i o n  i s  
l im i te d  by the amount o f  chalcogen vapour a v a i la b le ,  so heavily 
used c e l l s  would be e x p e c te d  to  d e t e r i o r a t e  more q u i c x iy .  
F o r t u n a t e ly ,  i f  the p e l l e t  i s  a good f i t  in  the c e l l  tube, 
access  o f  the chalcogen to the s i l v e r  iod ide  i s  r e s t r i c t e d  and 
the c e l l  l i f e  p ro lo n g e d .  In fu tu re  d e s ig n s ,  l a r g e r  o r i f i c e s  
sh ou ld  be used to  f a c i l i t a t e  low er  o p e r a t in g  tem peratu res :  
in c r e a s in g  the o r i f i c e  to  5mm should  p erm it  the c e l l  to  be
operated below 250°C.
3 , 4 ;  E l e c trocnemical C e l l  p e r fo rmance.
l i
In order  co evaluate the e lec troch em ica l  c e l l s ,  an e f f o r t  was 
made to  measure the dopant f lu xes  using the moveable ion gauge 
f lu x  m o n ito r .  Although p rod u c in g  f lu x e s  f o r  dop in g  very much 
sm aller  than the matrix element f luxes  used fo r  growth, and fo r  
which the moveable ion  gauge was norm ally  used, by o p e r a t in g  
o n ly  the e l e c t r o c h e m i c a l  c e l l s  and m in im is in g  o u tg a s s in g  
through thorough l iq u id  nitrogen co o l in g  o f  the system, i t  was^^ 
p o s s ib le  to  lower the system bacXground pressure to  below 1x10 
ml>ar. w ith  t h i s  low bacxground, i t  was p o s s i b l e  to  o b serve  
d i r e c t l y  the f luxes  em itted  from the e le c troch em ica l  c e l l s  as a 
fu n c t i o n  o f  the a p p l i e d  emf. F igu res  3.5 and 3.6 show the 
re s u lt s  o f  th is  experiment fo r  the sulphur and selenium c e l l s  
r e s p e c t i v e l y .  The r a te  o f  change o f  the measured p ressu re  on
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FIGURE 3.6: P lo t  o f  se len ium  p r e s s u r e  vs a p p l ie d  emf measured 
on the moveable ion gauge.
the moveable  ion  gauge in response  to  changes in the emf 
appl ied  to  the e lec trochem ica l  c e l l s  appeared to be l imited  by 
the r i s e - t i m e  o f  the gauge e l e c t r o n i c s  them se lves  and was o f  
the order o f  1-5 seconds.
The s t r a ig h t - l in e  behaviour o f  the log(pressure) versus applied 
emt p lo t s  confirms the pred ic ted  behaviour from equation (1). 
Further, i t  i s  p oss ib le  to  deduce the p o ly a to m ic i ty , x, o f  the 
e f fu s in g  chalcogen species  Sj^  or  Se^  ^ from the s lope since
x = S lo p e (d e c a d e s  per v o l t ) ,R.T/2.F.log2^Qe (3).
For the sulphur c e l l ,  su bs t i tu t in g  T=200°C produces the resu lt  
x=l .9 ,  in e x c e l l e n t  agreement with the p red ic t ion  from f igure  
3.2 and equation (1) that dimers should predominate in the beam 
over  th is  range o f  emf.
For the selenium c e l l ,  the agreement is  le ss  good. I t  i s  noted 
that the p lo t  s t i l l  e x h ib i t s  s t r a i g h t - l i n e  behaviour, but the 
s lope  suggests an apparent value o f  x=1.2. Consideration o f  the 
decomposi t ion  o f  Se2 to monatomic Se using thermochemical data 
r e v e a l s  th a t  the a tom ic  s p e c i e s  should  not be present  to  any 
s i g n i f i c a n t  d egree  so that  the value o f  x i s  not l i i c e ly  to  be 
an average over several  in te g ra l  values. The other p o s s i b i l i t y  
i s  th a t  o f  an e r r o r  in  the  c e l l  temperature  measurement. 
However,  f o r  the s l o p e  measured to  co r re sp o n d  to  x*2, a 
t em p era tu re  o f  680°C must be assumed, some 380°C in e r r o r ,  
which i s  ra th e r  la r g e r  than can be a ccounted  f o r .  However, i f  
not  a l l  the a p p l i e d  emf a c t u a l l y  appears  a c r o s s  the s e l e n i d e ,  
then the s l o p e  w i l l  be a l t e r e d .  I f  the a p p l i e d  emf i s  V and 
t h a t  p a r t  appear in g  a c r o s s  the s e l e n i d e  i s  E»K.V, equ at ion  1
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becomes :
P S e j j * P S e j ^ i . e x p ( 2 . x ( K . V - E '  ) . F / R T ) (4).
T a x in g  l o g s  and d i f f e r e n t i a t i n g  wi t h  r e s p e c t  to  th e  
experim entally  applied  variable  V g ives ;
x=Slope(decades per volt).R .T/2.K.F.log^Qe (5 ) ,
thus y i e l d i n g  the same s t r a i g h t - l i n e  behaviour  but w ith  
m o d i f i e d  s l o p e .  For x=2r a value o f  K=0.6 i s  im p l i e d ,  i e .  o n ly
th e60% o f  th e  a p p l i e d  v o l t a g e  a c t u a l l y  a p p e a rs  a c r o s s  
se len ide .  This vo ltage  drop presumably taxes place across  the 
 ^ i s  not apparent  in the sulphur c e l l  ¿«spite the l o w e r
Kich (6,7)  due t o  thetemperature'y^should g ive  h ig h er  r e s i s t a n c e  
l o w e r  Ag"*^  i o n  c o n d u c t i v i t y .  A l i k e l y  e xp la n a t io n  i s  th a t  the
degradation o f  the Agl through coat ing wi ch Ag2Se, re ferred  to
e a r l i e r ,  r e s u l t s  in an e l e c t r o n i c  conduct ion  path and the 
c o r r e s p o n d i n g  p o t e n t i a l  d i v i d e r  e f f e c t .  I n d e e d ,  o t h e r  
experiments p l o t t in g  pressure,  C-V ca rr ie r  concentration and 
SIHS measurements,  a l l  show l i n e a r  behaviour  but w i th  s l o p e s  
va ry in g  between 1-2 a c c o r d i n g  t o  the age o f  the Se c e l l ,  
c on s is ten t  with a gradual degradation.
F igures  3.7 and 3.8 show a C-V and SIMS (13) depth p r o f i l e  
through a GaAs layer  s ta ircase -doped  with sulphur. The growth 
tem perature  was SSO^C with  a As^/Ga f l u x  r a t i o  o f  3 :1 .  The 
s t e p s  are w e l l  r e s o l v e d  by both techn iques  with the c a r r i e r  
concentrat ion  and elemental concentrat ion  agreeing to within  a 
f a c t o r  o f  2. The C-V and SIMS r e s u l t s  are p l o t t e d  t o g e t h e r  in 
f i g u r e  3.9.  At the  h igher  l e v e l s ,  Ol . lO^^cm ^), the s l o p e  o f
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FIGURE 3.7: An e le c t roch em ica l  C-V depth p r o f i l e  through a GaAs 
la y e r  s t a i r c a s e - d o p e d  with sulphur.  Measurements o f  c a r r i e r  
c o n c e n t r a t i o n  were made both in the dark between d i s s o l u t i o n  
s te p s  and under i l l u m i n a t i o n  during  d i s s o l u t i o n .  Both are 
p lo t ted .

FIGURE 3.9: Sulphur c o n c e n t r a t i o n s  deduced from C-V and SIMS 
measurements p lo t t e d  vs applied  emf from f igu res  3.7 and 3.8.
Doth l i n e s  agrees  with  that  from the moveable ion gauge 
e xp e r im e n ts  g i v i n g  x * 2 . I  in both cases .  Below 5.10^®cm“  ^
however ,  a r e s i d u a l  background sulphur doping c o n c e n t r a t i o n  
( “ l.lO^^cm“ ^), which i s  be l ieved  to  come from the arsenic  batch 
used ,  g i v e s  a d e v i a t i o n  from the expected  s t r a i g h t - l i n e  
behaviour.
The s te e p n e ss  o f  the r i s e r s  and the f l a t n e s s  o f  the p la te a u x ,  
in the SIMS p r o f i l e  o f  f igure  3.8 in part icu lar ,  reveal  simple 
incorporat ion  behaviour under these growth condit ions .  In the 
C-V p r o f i l e ,  the measurements in Dotn the l i g n t  and darx are 
p l o t t e d  and a g r e e  w e l l  o v e r  the  e n t i r e  d o p i n g  r a n g e ;  a 
dev ia t ion  is  observed at the in te r fa ce  with the substrate which 
may be due to incomplete surface oxide removal p r i o r  to growth 
g iv ing  an enhanced trap concentration.
Figures 3.10 and 3.11 show C-V and SIMS (13) p r o f i l e s  through a 
GaAs l a y e r  s t a i r c a s e - d o p e d  w i t h  s e l e n iu m .  The g r o w t h  
temperature was 610°C and the As^/Ga f lux  ra t io  3:1. Again the 
steps are well  resolved and the concentrat ions agree to within  
a f a c t o r  o f  1 .5 .  F i g u r e  3 .12 shows the SIMS and C-V 
concentrat ions  p lo t te d  versus emf where the l in es  have the same 
slope suggesting x=1.6 in ooth cases again con s is ten t  with the 
moveable ion gauge data .  The r e l a t i o n s h i p  h o ld s  to l o w e r  
cocentrat ions  than f o r  the sulpnur experiment reveal ing  a much 
lower S and Se background doping concentration o f  <1.10^^cm  ^
in th is  instance.
For b o t h  s u l p h u r  and s e l e n i u m  t h e n ,  the w e l l  r e s o l v e d  
s ta i r ca se  p r o f i l e s  show that the e lectrochemica l  c e l l s  have a 
fa s t  response and a simple r e la t i o n s h ip  between appl ied emf and
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FIGURE 3.10: An e l e c t r o c h e m i c a l  C-V depth p r o f i l e  through 
aAs la y e r  s t a i r c a s e - d o p e d  with se len ium.  L ight  a 
measurements are p l o t t e d  together.
G

FIGURE 3.12: Selenium concentrations  deduced from SIMS and C V 
measurements p l o t t e d  vs applied emf from f igures  3.10 and 3.11.
depth (pm)
FIGURE 3.13: Free c a r r i e r  p r o f i l e  o f  a HI-LO-HI-LO doping 
sequence in a sulphur doped GaAs layer.
d o p a n t  f l u x .  F u r t h e r ,  the  f a c t  t h a t  the  i n c o r p o r a t e d  
c o n c e n t r a t i o n  shows the same emf dependence as the measured 
f lux ind ica tes  that the incorporat ion  process for  both dopants 
i s  s im p le  and f i r s t  o rd e r .  A lso ,  under the above growth 
con d i t ion s ,  no evidence was found for d i s ce rn ib le  segregat ion ,  
d i f f u s i o n  or  incom plete  a c t i v a t i o n  phenomena w i t h in  the 
s e n s i t i v i t y  o f  tne techniques used.
In a f u r t h e r  e x p e r i m e n t ,  tne  speed  o f  r e s p o n s e  o f  the  
e l e c t r o c h e m i c a l  c e l l  and the la c x  o f  memory e f f e c t s  in the 
system u>era demonstrated  wnen a HI-LO-HI-LO s t r u c t u r e  was 
d e l i b e r a t e l y  grown oy s w i t c h i n g  b e tw e e n  two e m f s .  The 
e le c t ro ch e m ica l  C-V p r o f i l e  through this structure  i s  shown in 
f i g u r e  3.13. The c r u c i a l  i n t e r f a c e  f o r  the assesment o f  the
r e s p o n s t i m e  IS tne on^ n e a r e s t  tne s u r f a c e  w h ich  i s
¡nco untered  f i r s t  oy tne e l e c t r o c h e m i c a l  C-V p r o f i l e r .  The
mangi in f r e e  ca r r i e r  c o n c e n t r a t i o n  is o f me o rd er  o f  two
orders  o f  magnitude and occu rs wi thin approximately 40nm. This
c l o s e  to the Debye length for  GaAs at th is  doping l e v e l  and
r e p r e s e n t s  the l i m i t  o f  the depth r e s o l u t i o n  
p r o f i l i n g  t e c h n i q u e  (11) Thi type o f
o f  the C-V
t r u c t u r e  i s
p a r t i cu la r  ly  taxing to p r o f i l e  as xt is  very s e n s i t iv e  to the
uni fo rm ity  o f  the d is so lu t ion  o f
the GaAs which depends in tur n
on the u n i f o r m i t y  o f  the l i g n t  sour QQ used to a c t i v a t e  the
d i s s o lu t i o n  process in n-type materia
r e s o l u t i o n  with  in crea
1 (11). The loss  o f  depth
s in g  depth in t o  the p r o f i l e  i s  then 
expected and may explain the i r re p ro d u cxb i l i ty  o f  the measured 
doping l e v e l  m  tne troughs corresponding to  the LO regions.  As
an 1n d e p e n d e n t  checx ,  SIMS a n a l y s i s  o
f tne layer  was c a r r i e d
out (12) and re v e a le d  the r e p e a t a b i l i t y  o f  the HI and LO doping  
l e v e l s  Obscured in the C-V measurement. This  a l s o  s u g g e s t s  th a t
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memory e f f e c t s ,  which might be expected i f  the sulphur incident 
on the system wal ls  reevaporated, are n e g l ig ib le .  No evidence 
was found f o r  an enhanced r e s id u a l  doping l e v e l  even a f t e r  
highly doped layers  had been grown and the cryopanels allowed 
t o  thaw o v e r n ig h t .  I t  seems that  any sulphur condensed on the 
cryopanels  i s  trapped by the GaAs that a lso  impinges.
As a f i n a l  demonstration o f  the u t i l i t y  o f  the e lectrochem ica l  
c e l l s ,  a s u l p h u r  dop ed  GaAs l a y e r  was grown w i t h  the 
e l e c t r o c h e m i c a l  c e l l  programming v o l t a g e  p r o v i d e d  by a 
s inuso ida l  funct ion generator.  Figure 3.14 shows the resu lt  o f  
a C-V p r o f i l e  through the la y e r .  Since  r.he sulphur f l u x  i s  
e x p o n e n t i a l l y  r e l a t e d  t o  the a p p l i e d  e m f ,  the  l o g  p l o t  
r ep rod u ces  the a p p l i e d  s in u s o id .  The damping in the p r o f i l e  
w i th  i n c r e a s i n g  depth i s  a lm ost  c e r t a i n l y  due to  nonuniform 
i l lum inat ion  during d is so lu t io n .  Such a c a r r i e r  p r o f i l e  would 
be d i f f i c u l t  t o  a c h ie v e  with  a c o n v e n t io n a l  thermal Knudsen 
source due to the long thermal time constants o f  a high thermal 
capac i ty  c e l l .
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FIGURE 3.14: S in u s o id a l  f r e e  c a r r i e r  p r o f i l e  generated  y 
programming the sulphur c e l l  with a low frequency sine wave.
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CHAPTER 4: THE GROWTH OF HIGH PORITY GaAs.
4.1; I n t r o d u c t i o n .
B e f o r e  embarlc ing  on d o p a n t  s t u d i e s  i t  was n e c e s o a r y  t o  
e s t a b l i s h  the c r e d i b i l i t y  o f  both the MBE system hardware and 
the growth procedures used in terms o f  the residual  impurit ies  
in the grown layers .  This i s  p a r t i c u la r ly  so since the MB288 is  
in something o f  a minority  among other MBE systems worldwide in 
b e i n g  d i f f u s i o n  pumped,  and e s p e c i a l l y  in th e  l i g h t  o f  
s u g g e s t i o n s  (1 ,2 )  in  the l i t e r a t u r e  th a t  o i l  d i f f u s i o n  pumps 
p r o v e  d e l e t e r i o u s  to  r e s u l t i n g  e l e c t r i c a l  and o p t i c a l  
p rop er t ie s  o f  MBE-grown semiconductors.  There are however very 
good reasons  f o r  c h o o s in g  s u i t a o l y  trapped  d i f f u s i o n  pumps. 
They are e s p e c i a l l y  appropriate where gaseous feedstocks  such 
as arsine and pnosphine are used: large quan t i t ies  o f  hydrogen 
are  l i b e r a t e d  wnich are  d i f f i c u l t  t o  pump by o t h e r  methods. 
A l s o ,  in c o n j u n c t i o n  with  a l i q u i d  n i t r o g e n  c o l d  t ra p ,  a 
d i f f u s i o n  pump may be used to advantage in systems that handle 
elemental  phosphor us. This i s  a l l  in addit ion  to  th e ir  natural 
advantages  o f  high pumping speeds ,  a b i l i t y  t o  pump a l l  gases  
and lack o f  memory e f f e c t s .
in  t h i s  c h a p t e r  we dem onstrate  that  GaAs grown in the MB288 
system using the p roced u res  d e s c r i b e d  in c h a p t e r  2 i s  o£
e x c e l l e n t  q u a l i ty .
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4.2; M a te r ia l  P r o p e r t ie s .
A s e r i e s  o f  d e l ib e ra te ly  doped samples were grown in order to 
assess  t h e i r  e l e c t r i c a l  p ro p e r t ie s .  The layers were grown on n+ 
and undoped s u b s t r a t e s  s i m u l t a n e o u s l y  t o  f a c i l i t a t e  
capac i tan ce -vo l tage  and m ob i l i ty  measarements resp ec t ive ly .  The 
layers  were grown at lum per hour with thicknesses oetween 2um 
and 7um depending on the doping leve l .
4.2.1; Morphology
The s u r f a c e  morphology was in gen era l  very good w i th  t o t a l  
d e f e c t  d e n s i t i e s  <1000 cm"^. The d e f e c t s  were o f  two main 
k in d s ;  g a l l iu m  d r o p l e t  o r  " s p i t "  type d e f e c t s  and " o v a l "  
d e f e c t s .  The c o n c e n t r a t i o n  o f  these  d e f e c t s  was c o n s i s t e n t l y  
reduced t o  the l e v e l s  quoted  by r ig o r o u s  o u t g a s s in g  o f  the 
gal l ium e f fu s i o n  c e l l  be fore  growth at 1200®C for  30 minutes.
4,2.2; Background C a r r ie r  Concent r a t i o n .
r r l e rN o m i n a l l y  undoped l a y e r s  were  n - t y p e  w i th  f r e e  ca 
d e n s i t i e s  o f  the o rd er  o f  This background doping
l e v e l  i s  be l ieved  to a r i s e  from residual  chalcogen impurit ies
in the arsen ic  source charge.
Figures 4.1a-c show SIMS p r o f i l e s  through a nominally undoped 
GaAs l a y e r  grown at 580°C where the a r s e n i c  c e l l  temperature  
was varied as indicated (9).  The approximate AS4/Ga f lu x  ra t io s  
a r e  marked.  The a r s e n i c  was 6N pure  a c c o r d i n g  t o  the
FIGURE 4.1a: Sulphur (mass 32&34 i s o t o p e s )  SIMS p r o f i l e  o f  a 
nominally undoped GaAs layer where the arsenic c e l l  temperature 
and As^/Ga f lux  ra t io  were varied as indicated.
FIGURE 4.1b; Selenium (mass 78&80 i s o t o p e s )  SIMS p r o f i l e  o f  a 
nominally undoped GaAs layer where the arsenic c e l l  temperature 
and As^/Ga f lux rat io  were varied as indicated.
FIGURE 4.1c; Tellurium (mass 128&130 isotopes)  SIMS p r o f i l e  o f  
a n o m i n a l l y  undoped GaAs l a y e r  where the a r s e n i c  c e l l
f lu x  ra t io  were varied as indicated.temperature and As^/Ga
m a n u fa c tu rer .  I t  i s  c l e a r  that  in each case  su lphur ,  se lenium 
and te l lu r iu m  are incorporated at higher concentrations  at the 
higher a r s e n i c  temperatures. The spiJce at the layer /substrate  
i n t e r f a c e  may be due to  c h a l co g e n  i n d i f f u s i o n  during the 
s u r f a c e  c lea n u p  under the s t a b i l i s i n g  a r s e n i c  f lu x .  The 
incorporated  concentrations o f  the chalcogens are in the same 
o r d e r  as would  be expected  from the r e l a t i v e  v o l a t i l i t i e s  i . e  
su lph u r ,  the  most v o l a t i l e ,  has the h ig h e s t  c o n c e n t r a t i o n .  I f  
we c o n s i d e r  that  the ch a l c o g e n s  are p re s e n t  in  a r s e n i c  in 
d i l u t e  s o l i d  s o l u t i o n  and assaporate as the e le m e n ts ,  we may 
est imate  t h e i r  concentrations  in the arsenic  source material .
Let
X=S, Se o r  Te.
iX]= concentrat ion  o f  X in the arsenic charge. 
PX°=selemental equi l ibrium vapour pressure o f  X. 
PX=actual vapour pressure o f  spec ies  X in the arsenic 
PXj^=pres3ure o f  X in the molecular beam.
PASj^spressure o f  As^ in the molecular beam. 
PGajj*pressure o f  Ga in the molecular beam.
[GaAsJsdensity o f  GaAs.
R*PAS4/PGa * f lux  rat io  at the surface.
T= temperature o f  the arsenic c e l l .
n(X)=measured concentration o f  X in the grown GaAs.
ce l l .
Then PX*PX°.[X] and
n ( X ) .  PXjj/ [GaAs ].  PGa^^PXp. R/PAs^.
Since PXjj/PASb=PX/PAs°, we have
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[ X 1*PX/PX°*PAS°. PXjj/PX°. PAS^,*PAS°. n (X) /PX° . R. [GaAs ].
Ttie r e s u l t s  o f  t h i s  c a l c u l a t i o n  are  shown in  t a o u la r  form in 
table  4.1 where i t  may be seen that the concentrat ions are a l l  
very low and c e r t a i n l y  below most normally  quoted d e t e c t i o n  
l im i t s  on c e r t i f i c a t e s  o f  analys is  f o r  arsenic.  One part i cu lar  
batch o f  nom ina l ly  7N pure a r s e n i c  produced GaAs la y e r s  
unintent ionally  doped to greater than 10^^ cm  ^ (these are the 
f i l l e d  c i r c l e  data  in  f i g u r e  4 .3) .  This was t ra c e d  by wet 
chemical analysis  (4) to  te l lur ium contamination o f  the arsenic 
o f  the order o f  lOppm, cons is tent  with the above ca l cu la t io n s .  
Chalcogen co n ta m in a t io n  o f  the a r s e n i c  i s  c l e a r l y  a problem,  
e s p e c i a l l y  s in c e  the ch a l c o g e n s  are  c h e m ic a l l y  s i m i l a r  to  
arsenic  (or indeed phosphor as) and are therefore  d i f f i c u l t  to  
e x t r a c t  c h e m i c a l l y  or  i d e n t i f y  s p e c t r o s c o p i c a l l y .  D i f f e r e n t  
suppliers  of  arsenic  were t r i e d  (MCP, Johnson Matthey, Cominco 
and Canyonlands) but there  appeared to  be as much v a r i a t i o n  
oetween oatch numbers from the same s u p p l i e r  as between 
s u p p l i e r s .  Gal l ium from each o f  the above s u p p l i e r s  was a l s o  
t r ie d  but with no e f f e c t  on the bacJcground doping l ev e l .
4,2.3: D e l i o e r a t e l y  Doped M a te r ia l .
A C-V depth p r o f i l e  through a t y p i c a l  low-doped layer is  shown 
in f i g u r e  4.2. The f r e e  c a r r i e r  c o n c e n t r a t i o n  i s  p l o t t e d  
against depth, both under i l lum inat ion  during e lec t rochem ica l  
d i s so lu t i o n  and in the darlc between d is so lu t io n  steps.  The lack 
o f  any s i g n i f i c a n t  s e p a r a t i o n  under these two c o n d i t i o n s  i s  
in d ica t iv e  o f  high material  q u a l i ty :  s p e c i f i c a l l y  there are no 
s i g n i f i c a n t  concentrat ions  o f  deep l e v e l s  which would generate
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FIGURE 4.2: A C-V depth p r o f i l e  through a l i g h t ly  sulphur-doped 
GaAs layer .  #  = measured under i l luminat ion  during d i s so lu t i o n ,
A -  measured in the dark between d isso lu t ion  steps.
or trap c a r r i e r s  under i l luminat ion  and a f f e c t  the measurement 
o f  f r e e  c a r r i e r  l e v e l .  In a d d i t i o n ,  the abrupt i n t e r f a c e  with  
the s u b s t r a t e  i n d i c a t e s  that  the d i s s o l u t i o n  i s  e x t r e m e ly  
uniform implying a low concentration o f  c r y s ta l  d e fe c t s  which 
would otherwise tend to p r e fe r e n t ia l ly  etch (5). There i s  a lso  
no evidence fo r  trap states  at the in ter face  which would cause 
a d ip  in the p l o t  at  t h i s  p o in t  im ply ing  that the s u b s t r a t e  was 
well  cleaned before growth was in i t ia te d .
4.2.4; Electron M o b i l i t i e s .
Hall m ob i l i ty  measurements were made on 6mm square samples with 
t i n  d o t s  a l l o y e d  i n t o  the c o r n e r s .  In a few i n s t a n c e s ,  proper  
Van der  Pauw p a t te r n s  were d e f in e d  and showed that  in  every  
case the simple corner geometry led to an under est imate o f  the 
mobi l i ty  as i l l u s t r a t e d  in table 4.2. The Hall m ob i l i ty  data at 
300K and 77K are shown in f igure  4.3 superimposed on published 
data from s e v e r a l  o t h e r  commerc ia l  MBE sys tem s ,  a l l  o f  which 
use ion  pumps. The data  i s  taken from the m anufacturers  
l i t e r a t u r e .  I t  i s  c l e a r  from t h i s  f i g u r e  that  th ere  are no 
i d e n t i f i a b l e  d e l e t e r i o u s  e f f e c t s  on m o b i l i t y  which co u ld  be 
a t t r i b u t e d  to  the use o f  d i f f u s i o n  pumps, at l e a s t  f o r  f r e e  
e le c t ro n  concentrations  in excess o f  IxlO^^cm
4.2.5; Luminescence P r o p e r t ie s .
The luminescence propert ies  o f  semiconductor material  provide 
another  good t e s t  o f  m a t e r i a l  q u a l i t y .  In p a r t i c u l a r ,  one o f  
the main arguments against the use o f  d i f fu s i o n  pumps i s  that
Sample Nd-Na (cm"^)
Mobil i ty (cm 
300K
Without With 
Van de Pauw
2v“ ^s“ )^ 
77K 
Without 
Van de
With
Pauw
MB155 3.3x10^^ 4380 5617 9000 11400
MB177 2.5x10^^ 6300 7700 42000 45000
MB191 1.3x10^^ 4100 4500 5200
MB206 1.7x10^^ 5850 6600
TABLE 4.2: Comparison o f  mobi l i ty  measurements made using t in  
d o t s  and Van der  Pauw m esas .  Measurements  made at  room 
temperature and 77K.
FIGURE 4.3: Comparison o f  m o b i l i t y  f o r  a range o f  donor 
concentrations  for  commercial MBE systems made by Varian, PHI 
and RISER ( s o l i d  l i n e s ,  s i l i c o n  o r  t i n  doped) and the MB288 
system (sulphur d o p e d : - A  * 77K, 300K, te l lur ium d o p e d : - «
= 300K).
backstreaming  o f  d i f f u s i o n  pump o i l  leads  to  an enhanced 
incorporation o f  carbon, which is  an acceptor  in GaAs. To te s t  
the carbon l e v e l s  in the GaAs grown in the MB288 system the 4K 
cathodoluminescence spectra o f  nominally s im i la r  high purity 
GaAs samples grown in a v a r i e t y  o f  systems were compared (6).  
Table 4.3 shows the r e s u l t s  o f  such a com parison  where i t  may 
be seen that  the lum inescence  due to  the p re se n ce  o f  carbon 
a c c e p t o r s  i s  o f  a s i m i l a r  i n t e n s i t y  among the d i f f e r e n t  MBE 
systems. I t  should be emphasised that the luminescent in tens i ty  
i s  n o t  n e c e s s a r i l y  an a c c u r a t e  i n d i c a t o r  o f  e l e m e n t a l  
concentration.  However, the samples were measured s id e -b y -s id e  
in the same C-L system on the same day and the d i s t i n c t  
s im i la r i t y  in i n t e n s i t i e s  o\ e^r se>/eral samples and MBE systems 
does i n d i c a t e  th a t  the i n c o r p o r a t i o n  o f  carbon i s  r e l a t i v e l y  
independent o f  pumping system. This i s  perhaps not e n t i r e l y  
unexpected s i n c e  these  MBE systems p o s s e s s  l a r g e  amounts o f  
cryopanel i ing which serve to create an environment within the 
vacuum system e f f e c t i v e l y  i so la ted  from the primary pumps.
In addit ion ,  high reso lu t ion  4.2K photoluminescence spectra (7) 
from the MB288 material  were at l e a s t  as well  resolved in the 
e x c i t o n i c  r e g i o n  as would  be e x p e c t e d  f rom  th e  d o n o r  
c o n c e n t r a t i o n s  as i n d i c a t e d  in f i g u r e  4 .4 .  How ever ,  the  
background dop ing  l e v e l  means that  the f i n e  s t r u c t u r e  on the 
D°X and A°X peaks reported elsewhere (8) for  the highest  purity 
MBE m a t e r ia l  (n“ 10^^ cm“ ^) may not be r e s o l v e d  on the MB288 
mater ia l .
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Sample MB164 MB168 35 63 98 1109
300K
Relative
Luminescence
Intens i ty
72 140 76 100 11 100
Doping 1.0 2.0 1.2 1.7 01.4 ooo • • •
(xlO^lS) n n n n P
4K
Relative  
Intens ity  
(Donors)
85 250 140 105 17 150
Relat ive
Intens i ty
(Carbon)
21 26 34 40 11 38
MB164 and MB168 were grown on the VG MB288 system.
The r e s t  were grown on Varían 360 and Gen II systems.
A l l  the samples were measured by ca th od o lu m in escen ce  under 
nominally id e n t i ca l  con d i t ion s .
TABLE 4.3; Comparison o f  the luminescence  i n t e n s i t i e s  from 
GaAs grown in d i f fu s i o n  and ion pumped MBE systems.
photon energy (ev)
FIGURE 4.4: 4.2K p h o to lu m in e s ce n ce  spectrum o f  nom ina l ly
undoped GaAs, n~8xl0^^cm
4.3; C o n c l u s i o n s .
I t  i s  c l e a r  that  the MB288 system,  used in c o n j u n c t i o n  with  the 
procedures out l ined  in chapter 2, i s  capable o f  producing GaAs 
o f  very  high q u a l i t y ,  comparable  w ith  any o t h e r  commercial  
machine. In p a r t i cu la r ,  there are no i d e n t i f i a b l e  deleterious 
e f f e c t s  that could be a t t r ibuted  to the use o f  d i f fu s io n  pumps. 
The l i m i t i n g  f a c t o r  on r e s i d u a l  doping seams to  be the p u r i ty  
o f  the source materials  a va i la b le ,  p a r t i c u l a r i l y  the arsenic.
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CHAPTER 5: THERMODYNAMIC FRAMEWORK,
5,1; I n t r o d u c t i o n ,
H i s t o r i c a l l y ,  the MBE p r o c e s s  has been d e s c r i o e d  mainly in 
terms o f  the K i n e t i c s  o f  tne growth and doping r e a c t i o n s  (1) .  
This  p r e f e r e n c e ,  and the c o r  respond ing assumption o f  the low 
r e l e v a n c e  o f  thermodynamic c o n s i d e r a t i o n s  may be r e a d i l y  
apprec iated .
Much o f  the e a r l y  growth o f  GaAs by MBE took p la ce  wi th the 
s u b s t r a t e  s u p e r c o o le d  by some lOO^C wich r e s p e c t  to  the 
e q u i l i b r i u m  p o s i t i o n  d i c t a t e d  by t he  a p p l i e d  r e a c t a n t  
p r e s s u r e s .  For example,  f o r  a t y p i c a l  growth ra te  o f  lum.hr 
and P( Ga ) =P( As ) =1 0 " ^  t o r r ,  the  e q u i l i b r i u m  s u b s t r a t e  
temperature may be deduced from Arthur's vapour pressure data 
(2) as Ts = 680'^C whereas much MBE GaAs growth takes p la ce  at 
Ts=580-600°C (3) .  The r e a c t a n t s  are t h e r e f o r e  in excess  wi t h 
r e s p e c t  t o  e q u i l i b r i u m  v a l u e s  and t h e r e  i s  a l a r g e  
o v e r p o t e n t i a l  f o r  growth.  A l s o ,  in an MBE apparatus,  the 
r e a c t a n t s  appear to make o n ly  one c o l l i s i o n  wi t h the growing 
s u r f a c e  b e f o r e  being pumped away.
However, i t  has been demonstrated that the spec ies  leaving the 
s u b s t r a t e  have a cq u ire d  i t s  temperature  (4) and in c o r p o r a t e d  
s p e c i e s  may t h e r e f o r e  be c o n s id e r e d  to  be at  the s u b s t r a t e  
t e m p e r a t u r e .  F u r t h e r ,  f o r  a l u m b r ' l  , ^ o w t h  r a t e ,  the  
incorporated spec ies  are in the surface layer  fo r  approximately 
one second  b e f o r e  be ing  b u r ie d  by the next  a tom ic  la ye r .  For 
Ts-600°C and a leV s u r f a c e  b in d in g  energy ,  an atom may sample
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approximately 10  ^ s i t e s  with plenty o f  opportunity fo r  reaching 
i t s  p r e f e r r e d  p o s i t i o n .
The strongest  argu ment f o r  the relevance o f  thermodynamics to  
MBE growth comes from the fa c t  that material  grown by MBE is  o f  
a s i m i l a r  q u a l i t y ,  in terms o f  low c o n c e n t r a t i o n s  o f  non- 
e q u i i i b r i u m  d e f e c t s ,  to that o o t a in e d  by LPE or  VPE. These 
growth te ch n iq u e s  are w e l l  d e s c r i o e d  oy a thermodynamic 
f r a m e w o r x  t h a t  assum es  t h a t  g r o w t h  o c c u r s  under  n e a r ­
equi l ibr ium condit ions .  The conclusion must be that the Kinetic  
p r o c e s s e s  r e l e v a n t  to MBE are s u f f i c i e n t l y  f a c i l e  to a l l o w  
equi l ibr ium to be reached without s ig n i f i c a n t  hindrance. With 
the current trend to  higher growth temperatures in MBE (5), and 
the consequent  r e d u c t i o n  in o v e r p o t e n t i a l  f o r  growth,  t h i s  
conc lus ion  should be even more valid .
In a recent body o f  wotk (6-9),  the thermodynamic framework for  
the d e s c r i p t i o n  o f  MBE p ro ce s s e s  has been o u t l i n e d  and a 
c r i t i c a l  study o f  the importance o f  Kinetic  in fluences  made. I t  
has been shown t h a t ,  in the m a j o r i t y  o f  cases ,  thermodynamic 
cons iderat ions  are most sucosssful in predict ing behaviour ( ie  
equ i l io r ium  is  reached),  and allow the re la t iv e ly  few instances 
when K in e t i c  h in d ra n ces  do in trude  to  be i d e n t i f i e d .  In the 
f o l l o w i n g  s e c t i o n s ,  the thermodynamic frameworK w i l l  be 
d e s c r i b e d  and the method f o r  e x t r a p o l a t i n g  from VPE and LPE 
cond i t ions  to MBE growth condit ions ,  outl ined in reference (6), 
w i l l  be i l l u s t r a t e d  in d e t a i l  f o r  sulphur and t e l lu r iu m  
i n c o r p o r a t i o n  in  GaAs. The model i s  then a p p l i e d  to  selenium 
doping  o f  VPE-grown GaAs and sulphur selenium and t e l lu r iu m
d op in g  o f  LPE-grown InP.
5.2; The Thermodynamic Method.
In the s i t u a t i o n  where the growth Jcinetics are f a c i l e ,  a f a i r l y  
c o m p le te  p i c t u r e  o f  the growth process  may be obta ined  by 
cons ider ing  the equil ibr ium pos i t ions  of  a l l  relevant reactions 
under tne c o n d i t i o n s  imposed during MBE. The e q u i l ib r iu m  
p o s i t i o n  o f  a r e a c t i o n ,  measured by i t s  e q u i l i b r i u m  constant  
K(T), may be ob ta in ed  by c o n s id e r in g  the f r e e  e n e rg ie s  o f  
reactants  and products.  For a react ion to occur spontaneously, 
the products must have a lower free  energy than the reactants. 
In t h i s  ca se  the thermodynamic p r e d i c t i o n  i s  on ly  that the 
r e a c t i o n  i s  p e r m i t t e d ;  on ly  i f  the K in e t i c s  are  f a c i l e  may 
e q u i l i b r i u m  be r e a c h e d .  In the  r e v e r s e  s i t u a t i o n ,  the 
p r e d i c t i o n  that the react ion i s  forbidden comes en t ire ly  from 
the thermodynamics, witnout any recourse to  Kinet ic  argu ments. 
A d d i t i o n a l l y ,  th e  e x p e r i m e n t a l  o b s e r v a t i o n  t h a t  a 
thermodynamically predicted react ion does not occur provides a 
c l e a r  i n d i c a t i o n  o f  the i n t r u s i o n  o f  h indered ,  as opposed to 
f a c i l e .  K inet ics .  I t  i s ,  however, important to be aware that a 
p a r t i c u l a r  r e a c t i o n  may n o t  oe o b s e r v e d  s i m p l y  due to  
c o m p e t i t i o n  from a second s id e  r e a c t i o n  whose products  are 
e n e r g e t i c a l l y  more favoured.  I t  i s  t h e r e f o r e  necessary  to 
c o n s i d e r  a l l  l i K e l y  routes  b e f o r e  invoking K i n e t i c s  as the 
c u l p r i t  f o r  the non-observation o f  a reaction.
5,3; The Dopant Incorporation Model.
The general ly  accepted approach to describ ing the incorporation 
o f  s u b s t i t u t i o n a l  dopants i s  v ia  the i n t e r a c t i o n  between the
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dopant spec ies  and the l a t t i c e  vacancies (6). Consider the case 
o f  a donor impurity occupying a s i t e  on the arsenic sub la t t i ce  
in GaAs. The incorporat ion  react ion i s : -
D(9)+Vas = D^s 111
with co r re sp o n d in g  f r e e  energy change Gl. The in c o r p o r a t e d  
donor atoms are then ionised according to
121
to y i e ld  the o v e r a l l  react ion
131
where D(g) ia  a donor  atom in the gas phase,  and D^g+
the neutral and ion ised  donor atoms incorporated onto s i t e s  in 
the a r s e n i c  s u o l a t t i c e , i s  a vacant  a r s e n i c  s i t e  and e i s  
an e l e c t r o n  in the  co n d u c t i o n  band o f  the bulk GaAs. The 
re la t ionsh ip  oetween the free energy change for  a react ion and 
i t s  e q u i l i b r i u m  c o n s t a n t  may be e xp ressed  as ,  using r e a c t i o n
[11 as an example.
Kl(T)=exp-Gl/RT [41
in which R i s  the gas constant,  T the absolute temperature, Gl 
t h e  f r e e  e n e r g y  c h a n g e  f o r  r e a c t i o n  t i l  and K1 t h e  
corresponding equ i l io r ium  constant which may also  be expressed 
in terms o f  the mass a c t i o n  law as
Kl=lDA3l/PD-t' 'As'
151
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where [ 1 r e p r e s e n t s  c o n c e n t r a t i o n  and "P the pressure  in 
atmospheres .  A c t i v i t y  c o e f f i c i e n t s  o f  un i ty  are assumed. 
Similar ly .
K2=n. where n=[e"]As [61
K3=Kl.K2=n. I/Pq* i'^As ^ [7 1
I f  we assume that  a l l  the e l e c t r o n s  in tne con d u ct ion  band 
a r i s e  from r e a c t i o n  [2 1, we may s u b s t i t u t e   ^ i n t o  
equation [71 to y i e ld
I (Das* ] = n=K3^ /2, p p l /2, ( v^ ^ ) l/2 [81
The n a t iv e  d e f e c t  c o n c e n c r a t i o n  [^a s  ^ c o n v e n t i o n a l l y
described by the equation
1/4AS4+V^s = 0 [91
•(»a
and by f i x i n q  the c o n d i t i o n s  f o r  t h i s  r e a c t i o n  to g iv e  a 
p a r t i c u l a r  va lue  o f  [VAsl,  we may a cce s s  a range o f  c a r r i e r  
concentrations  in the grown GaAs oy varying and would expect  
a Pq^/^  dependence o f  n. In l a c t  t h i s  r e l a t i o n s h i p  i s  not 
observed,  rather a l inear  one seems to apply (10,11,12,13) with 
n proport ional  to  the a c t i v i t y  o f  the dopant spec ies  in VPE 
and ap in LPE). This dependence subs ists  in LPE and VPE reports  
on dopants from groups I I , I V  and VI o f  the p e r i o d i c  t a b l e  
i n c o r p o r a t e d  on to  both s u b l a t t i c e s .  The required  l i n e a r  
behaviour may be obtained i f  we assume that n i s  not determined 
during  growth by r e a c t i o n  [2 1 but i s  ins tead  f i x e d  at  some high
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c o n s t a n t  va lue .  Rearranging eq u a t ion  [7]  then y i e ld s
[Dfts+l »  K3.PD.tV;^3l/n [10 1
i D f , / ]  = K3'.Pd. [Va s 1 [111
where K3'=K3/n, n constant.
A rs e n ic  i s  u s u a l l y  s u p p l i e d  as As^ by eva p ora t ion  from the 
s o l i d  so we may account  f o r  tne [V^gl term via  equ at ion  [9 ]  
thus
K9=1/PAs ^^/4.[V^g]
[Va s 1=ì /K9.PAS4 1/4
and subst i tut ing  in [11] gives
[D^g+l = K3" . P d.PAS4‘ ^ / ‘* (12 ]
Wnere K3"=K3' /K9.
While i t  is  worth noting that the required high constant value 
o f  n during growth may not be obtained by thermal e x c i t a t i o n  o f  
e l e c t r o n s  in the va len ce  band a c r o s s  the energy gap, the 
p re c i se  d e t a i l s  are not c r u c ia l  to the fo l l ow ing  discuss ion.  At 
l e a s t  two models have oeen proposed  (11 ,13 ) ,  the l a t t e r  
suggesting that i o n is a t io n  o f  a shallow native d e fe c t ,  such as 
V* , ,  at the growth temperature may be responsible.  However, in 
v i e w  o f  the  a p p a r e n t  w i d e s p r e a d  v a l i d i t y  o f  th e  l i n e a r  
dependence o f  [D+] on P^ o r  a^ f o r  VPE and LPE growth using a
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wide v a r i e t y  o f  dop an ts ,  we may e x t r a p o la t e  t o  MBE c o n d i t i o n s  
w ith  s o m e -c o n f id e n c e .
5,4; Dopant I n c o r p o r a t i o n  C a l c u la t i o n s .
In detarmining whether the incorporation ot a par t i cu lar  dopant 
i s  l i v e l y ,  we need to  e s t a b l i s h  some values  f o r  the terms in 
equation [12 1. The Icey issue is  to  determine whether the dopant 
pressure Pq required above the growing GaAs to achieve suitable  
doping l e v e l s  i s  a ccess ib le  under MBE condit ions .
5,4,1; The S im p le s t  Case, Condensation .
in the k i n e t i c  l i m i t  o f  a l l  im pinging  dopant atoms being  
i n c o r p o r a t e d ,  Pq i s  the e q u iv a le n t  pressure  o f  the m olecu lar  
beam f lu x ,  so that
PD/PGa*JD/JGa*" /iGaAs1
where the { J }  are the dopant and g a l l iu m  f l u x e s  a r r i v i n g  at the 
s u b s t r a t e  and [GaAs1 i s  the d e n s i t y  o f  GaAs. Dopant s p e c i e s  
such as s i l i c o n  which have a n e g l i g i b l e  e l e m e n t a l  vapour 
pressure at the growtn temperature would condense under these 
c o n d i t i o n s  anyway and do n o t  r e q u i r e  any more d e t a i l e d  
c o n s i d e r a t i o n  o f  t h e i r  i n t e r a c t i o n  with the GaAs l a t t i c e .  So 
for  a ga l l ium beam pressure o f  iO'^ torr  and a doping le v e l  o f  
2.2x l0l 6cm“3 (Ippm), we would require  a dopant pressure in the
m o le cu la r  beam o f  10 t o r r .
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The ch a l c o g e n  dopants S,Se and Te on the o th e r  hand, a l l  have 
large elemental  vapour pressures at the growth temperature and 
c o n s i d e r a t i o n  o f  t h e i r  i n t e r a c t i o n  with the GaAs l a t t i c e  i s  
c r u c i a l .
D i r e c t  c a l c u l a t i o n  o f  and K3" f o r  s u b s t i t u t i o n  i n t o
equation [121 is  d i f f i c u l t  due to the paucity o f  thermochemical 
data fo r  the relevant spec ies .  However, by using data on doping 
from VPE and LPE experiments, one may ca lcu late  the equivalent 
f o r  the case  i f  the VPE or  LPE p r o c e s s e s  were to taxe p la c e  
under MBE condit ions o f  temperature and pressure.
5.4.2: VPE Extrapolation,  Sulphur Doping o^ Gahs,
For a t y p i c a l  VPE experiment (14) sulphur doping i s  achieved by
f H2 at  1 atm. For a 
+ 1=1ni7^_-3
the i n t r o d u c t i o n  o f  H2S in an excess  o 
pressure ra t io  of  PH2S/PH2=10” ‘^ , a doping leve l  1=10^
may be achieved at 750°C. Consider the reaction
2H2(g)+S2(g) »  2H2S(g) [131
for  th is  reaction may oe expressed as (18)
G=-41360+23.61T ca lo r ie s  (298K<T<1800K) [14 1
This evaluates to -22.54Kcal at 600°C. The equil ibrium constant
IS
K13*(PH2S)2/PS2.PH2^
[151
using [41 and rearranging [15] gives
PS2*(PH2S/PH2)^.K13"^ [161
PSo^iPHoS/PH^l^.expG/RT [171
-17
i s  the p a r t i a l  p re s s a re  o f  S2 that  w ou i i  be produced by the 
d e c o m p o s i t i o n  o f  O.lppm H2S in 1 atmosphere o f  H2 at  the MBE 
growth temperature o f  600°C.
R e w r i t in g  e q u a t io n  [121 f o r  d ia t o m ic  sulphur we have
[Sa3‘^ 1=K3".PS2^/^.PAS4 -1 /4 [18 1
Assuming K3" to  be a weaic fu n c t i o n  o f  temperature ( t y p i c a l l y  
va ry in g  oy a f a c t o r  o f  3 oetween 660^C and 760°C (19))  we may 
subst i tu te  f o r  a typ ica l  VPE value o f  PAs4=1.5xlO"^ atm (15,19) 
i n t o  a q u a t i o n  (181 t o  g i v e  K3 • * = 1. 3 l x  10 ^ « o m - 3 . a t n . ' . 
T h e r e f o r e ,  under MBE c o n d i t i o n s  o f  n«13'-7(.n,-3^ t=600°C and 
P A S ,»2 x1 0 “ ® t o r t ,  we may c a l c u l a t e  from eq u at ion  (181 that 
PS2=2.99x10” 3^ 2.27x10 torr .
The pressure ca lcu la ted  aoove i s  the vapour pressure o f  Sj gas 
in equ i l ibr ium  with arsenic vacancies in GaAs under MBE growth 
c o n d i t i o n s .  I f  we c o n s i d e r  a range  o f  i n t e n d e d  d o n o r  
c o n c e n t r a t i o n s  f rom  IxlO*-® c m '^  t o  Ix lO^« c m - 3 ,  we may 
c a l c u l a t e  the re q u i te d  range o f  sulphur p re ssu re s  to be
s i t u a t i o n  to  degenerate to  that f o r  s i l i c o n  where every dopant
atom i m p i n g i n g  on the GaAs s u r f a c e  i s  p r e d i c t e d  to  be 
in c o r p o r a t e d .  The in c o r p o r a t io n  i s  t h e r e f o r e  l i m i t e d  by the 
rate  o f  su pp ly  of  dopant from the m o le cu la r  beam f lu x .  The 
c a l c u l a t e d  p r e s s u r e  is  a l s o  sm al l  enough by a la rg e  enough 
margin to  make the p r e d i c t i o n  th a t  i n c o r p o r a t i o n  i s  favoured 
and r e l a t i v e l y  i n s e n s i t i v e  to the p r e c i s e  values  o f  the data 
used in the c a l c u l a t i o n .  Tne enormous d i f f e r e n c e  between the 
aoove pressures and the elemental vapour pressure o f  sulphur at 
600°C emphasises the importance o f  cons idering  the in teract ion  
o f  the dopant with the GaAs la t t i c e .
5.4.3: LPE Extrapolation> T e l lu r iu m Doping of^
As an example o f  the method, the  case  f o r  t e l l u r i u m  w i l l  be 
demonstrated. In this  case we extrapo late  from LPE data. Under 
t y p i c a l  LPE growth c o n d i t i o n s ,  a d o n o r  c o n c e n t r a t i o n  
fT® *'■ 1 = 1x 10 "^ = 2. 2x 10 cm"^ may be a c h i e v e d  w i t h  a
concentrat ion  in tne melt o f  (Teg^in 1=2.85x10-6 „  1000°C (16). 
This c o r r e s p o n d s  to  a s e g r e g a t i o n  c o e f f i c i e n t  o f  0.35. By 
e x t r a p o l a t i n g  from the data o f  Greene (17 ) ,  the s e g r e g a t i o n  
c o e f f i c i e n t  may be estimated to nave increased to  o f  the order 
o f  40 at th e  t y p i c a l  MBE growth temperature  o f  600°C. The 
required va lue  of  (Tegoinl is  there fore  approximately OxlO'^ at 
this  temperature.
To deduce t h e  e q u iva len t  p ressu re  o f  Te^ in e q u i l i b r i u m  with  
the melt  at  600°C,  we co n s id e r  the e v a p o r a t io n  o f  Te2(g) from 
l iq u id  te l lur ium.  Thus,
Tesoln * l / 2Te2(g)
(191
K 1 9 -P T e2 l /2 / [T eg ^ ^ ^ l (20 J
I f  we assume that the Te-Ga system forms an ideal  so lut ion  and 
neglect  any s t a b i l i s i n g  in teract ion  between the two components, 
we may use Raoults law to estimate K19. The vapour pressure o f  
Te2(g) over l iq u id  tel lurium may oe expressed as (18)
log3^0^P'^®2^=22.S9-(7830/T)-(4.27xiog3^Q(T)) [ 2 1  1
T h e r e f o r e ,  f o r  l i q u i d  t e l l u r i u m  a t  600°C we have PT32=5.75 
t o r r .  S u b s t i t u t in g  t h i s  in [20] g iv e s
K19=P°Teo^/2/ [ i  ]=8.7x10“ 2 atm /^2
where  P^Te2 (=K19^) i s  the  v a p o u r  p r e s s u r e  o f  Te2 m  
equi i ior ium  with pure l iqu id  te l lur ium.
Then f o r  d i l u t e  s o l u t i o n s  o f  t e l l u r i u m ,  the vapour pressure  
w i l l  be reduced according to the degree o f  d i lu t io n  thus.
PTe,l/2=[Teso2nI.P°Te2^^2 [221
Rewriting equation [12] for Te2 we have.
[Te As■*■ ] = K3"' .PTe2^^^-PAS4“ ^/^
[23]
S ince  the MBE exper im ent  taxes  p l a c e  under a low er  araen ic  
pressure than LPE, an overest imate o f  the equil ibrium pressure 
o f  Te2(g)  o v e r  GaAs under MBE c o n d i t i o n s  may be o b ta in e d  by 
neglect ing  the arsen ic  pressure dependence and writ ing
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K3 • III *K3' " . P A S4“ ^/^.  Then
[Te^g'*' l - K 3 " " . P T e , ^ / 2 [24]
Subst i tut ing  ]=2xl0” ^, p‘^ Te2=5.8 torr  at 600^C and the 
dop ing  l e v e l  o f  2.2x10^^ cm”  ^ g i v e s  a value f o r  K " "  = 5 ,72x10^ 
atm” "^^^ . Therefore,  for  an intended doping range between 1x10^^ 
and 1x10^^  cm” ^, the equi l ior ium pressure o f  tel lurium l i e s  in 
the range 4.75x l0“ ^®<PT92<4.75x l0"^° torr.
The s i t u a t i o n  i s  the same as p r e d i c t e d  f o r  sulphur;  the 
in t e r a c t i o n  oetween te l lur ium and the GaAs l a t t i c e  is  strong 
enough to  ensure  i n c o r p o r a t i o n  under MBE c o n d i t i o n s  l i m i t e d  
o n ly  by the ra te  o f  supply from the m olecu lar  beam f lux .
5,4,4; Selenium Doping o f  GaAs.
There i s  rather l e s s  data for  selenium doping o f  GaAs, although 
s u f f i c i e n t  to suggest strongly  that i t  has s im i lar  behaviour to 
sulphur and te l lur ium,  as would be expected from i t s  chemical 
s i m i l a r i t y .  Hollan et  al (19) have compared the e le c t ro n ic  and 
o p t i c a l  p r o p e r t i e s  o f  GaAs grown by VPE and doped at high 
c o n c e n t r a t i o n s  with sulphur and selenium. Using pickup from 
e le m e n t a l  S and Se so u rce s  they ach ieve  n - ty p e  doping at  
10^7cm-3 f o r  source temperatures o f  50®c and 80°C respect ively.  
This t ra n s la tes  to equil ibr ium source pressures o f  4x10“  ^ torr  
f o r  su lphur  and 10"® t o r r  f o r  se lenium. We note that t h e i r  
growth temperature o f  760<^ C and arsenic mole f ract ion  of  10"® 
atm are  very c l o s e  to  those  in r e f e r e n c e  (14) from which the 
d a t a  f o r  the  s u l p h u r  i n c o r p o r a t i o n  r e a c t i o n  was taken .
58
u n f o r t u n a t e l y  Hollan e t  a l  do not d e s c r i b e  t h e i r  s o u rce s  in 
d e t a i l  so -w e  have t o  assume that  they  operate  with s i m i l a r  
e f f i c i e n c i e s  o f  dopant  picKup.  In t h i s  case ,  the e q u i l i b r iu m  
pressures  o f  sulphur and selenium over the  growing GaAs surface 
w i l l  be in a s i m i l a r  r a t i o  to  the s o u r c e  pressures .  Even 
a l l o w i n g  f o r  d i f f e r e n c e s  in so u rce  c o n s t r u c t i o n ,  i t  i s  c l e a r  
that f o r  the same doping l e v e l  a s u b s ta n t ia l ly  lower selenium 
pressure i s  required than fo r  sulphur. The implication is  that 
the in t e r a c t i o n  between arsenic  vacanc ies  and selenium vapour 
i s  at  l e a s t  as s t r o n g ,  i f  not  much s t r o n g e r ,  than f o r  sulphur 
vapour.  This  is  s u p p o r te d  by the o b s e r v a t i o n  o f  a h igher  
s o l u b i l i t y  l im i t  f o r  selenium (19). Tnarefore ,  the equil ior ium 
pressures  required f o r  selenium doping o f  GaAs grown by MBE are 
l i k e l y  to  be comparaole with or lower than those ca lcu lated  for 
su lphur  e a r l i e r .  The c o n c l u s i o n  i s  t h a t  f o r  selenium, as f o r  
sulphur and te l lur ium ,  the in c o r p o ra t io n  reaction should go to 
c o m p l e t i o n  r e s t r i c t e d  on ly  by the r a t a  o f  supply from the 
molecular  beams.
5.4.5:  Chalcoqen Doping o f  InP.
The general  point about chalcogen doping in MBE may be further 
i l l u s t r a t e d  by cons ider ing  the data f o r  InP grown by LPE. Here, 
th e  e x t r a p o l a t i o n  i s  r a t h e r  e a s x e r  s i n c e  LPE g r o w t h  
temperatures for  inP are t y p i c a l l y  between 600°C and 700®C and 
a r e  t h e r e f o r e  much c l o s e r  t o  t y p i c a l  MBE InP g r o w t h  
t e m p e ra tu re s  (450°C-550°C)  tnan f o r  GaAs (1000°C vs 600°C).  
This  means that ,  t o  a f i r s t  o r d e r  approximat ion ,  we may 
neg lec t  changes in segregat ion  c o e f f i c i e n t  with temperature in 
ex trap o la t in g  between the two techniques .
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Brown (20) has pu b l i sh ed  the m e l t  c o n c e n t r a t i o n s  f o r  S,Se and 
Te dop ing  o f  InP during LPE growth  at temperatures  between 
620°C and 670°C. For an e l e c t r o n  c o n c e n t r a t i o n  o f  10^®cm"^ he 
used melt concentrat ions  o f
lS s o ln ’ =2>'l-0"^ 'lSegoj^„l=2xlO"= and (Tegoi „^]-10 
Rewriting equation [24] we obtain  
[ X p + ] = K 3 " " .  ] .P°X2^/2 where X=S,Se,Te.
For Te which is  predominantly d imeric  in the gas phase we may 
use the vapour pressure r e la t i o n  [ 21] as before from reference 
(18 ) ,  but f o r  S and Se, which have s e v e r a l  p o ly a t o m ic  s p e c i e s  
in e q u i l i b r i u m  with  the molten  e le m e n t ,  we must e s t im a t e  the 
PX2 f r om  t h e i r  h e a ts  o f  f o r m a t i o n  (23 ) .  T h is  r e s u l t s  in 
elemental  dimer pressures at an MBE growth temperature o f  500°C 
o f :  “
-5 1-1 n“ 4
P°S2*430 t o r r ,  P°Se2*27 torr  and P^Te2=0.7 torr .
Subst i tut ing  [Xp'*’ ]=4.5xi0"^ f o r  10^®cm“  ^ doping we o o ta in : -
K3 " "  = 3 atm^/2 1^2 atm^/2 atm^/^ s ,Se  and Te.
T n e r e f o r e ,  f o r  a doping range o f  lO^^cm“  ^ < n < lO^^cm  ^ we 
obtain the f o l l o w in g  ranges o f  PX2: -
1.7x10” ^^  t o r r  < PS2 < 1.7x10“  ^ t o r r ,
1.1x10"^^ t o r r  < PSe2 < 1.1x10”  ^ t o r r  and
7x10 -15 torr  < PT02 < 7x10"^ torr
These f ig u re s ,  although order  o f  magnitude estimates only ,  are 
c l e a r l y  comparable  w i th  the a r r i v i n g  dopant m o le cu la r  beam 
p r e s s u r e s  in MBE. This  c o n t r a s t s  with  the s i t u a t i o n  j u s t  
demonstrated f o r  GaAs where the equil ibrium pressures were much 
smaller.  The s i tu a t i o n  i s  rather borderl ine  to make a d e f i n i t e  
p re d i c t i o n  about the l i k e l y  e f f i c i e n c y  o f  incorporation o f  the 
chalcogens in MBE InP, except  that sulphur may have the lowest 
and t e l l u r i u m  the n i g h e s t  p r o b a o i l i t y  o f  i n c o r p o r a t i o n .  
S ig n i f i c a n t  reevaporation ot  each dopant seems probable at the 
highest  doping l e v e ls .
However,  th e re  i s  very  c l e a r  ev iden ce  that  su lphur,  f o r  which 
the lowest  doping e f f i c i e n c y  is  predicted ,  may be incorporated 
in to  InP grown by MBE (21,22).  Unintentional sulphur doping has 
been o b se r v e d  from su lp h u r - co n ta m in a te d  phosphor us source  
m a t e r i a l  and the e l e c t r o c h e m i c a l  sulphur c e l l  has a l s o  been 
used t o  d e l i b e r a t e l y  i n c o r p o r a t e  sulphur in t o  MBE InP over  a 
wide range o f  concentrat ions  lO^^cm"^ < n < SxlO^^cm  ^ (21, 22). 
I t  i s  s i g n i f i c a n t  however that in both ca ses  some dopant 
r e e v a p o r a t i o n  i s  o b s e r v e d  at e l e v a t e d  growth tem peratures .  
Whether t n i s  i s  due to  the b o r d e r l i n e  p o s i t i o n  o f  the doping 
e q u i l i b r i a  descr ibed  above or to some competing loss  react ion 
i s  not c lear .  On tne b as is  o f  the experimental resu lts  and the 
c a l c u l a t i o n s  above ,  i t  seems l i x e l y  that  doping w ith  Se o r  Te 
should a lso  be p o s s ib l e ,  perhaps witn reduced loss  f o r  the less
v o l a t i l e  spec ies .
5,5; C o n c l u s i o n s .
We there fore  have a c l e a r  p re d ic t io n  that the chalcogens S, Se 
and Te should  be i n c o r p o r a t e d  in  GaAs and inP grown by MBE. 
This c o n c l u s i o n  was reached by a s im ple  c o n s i d e r a t i o n  o f  the 
f r e e  e n e r g i e s  o r  t h e  r e a c t a n t s  and p r o d u c t s  o f  th e  
incorporat ion  react ion  [31 using data extrapolated from VPE and 
LPE e x p e r im e n ts .  For GaAs, the p r e d i c t e d  dopant p ressu res  
re q u ire d  t o r  i n c o r p o r a t i o n  are s e v e r a l  o rd e rs  o f  magnitude 
lower than the x i n e t i c  supply l i m i t  imposed in MBE, making the 
pred ic t ion  r e l a t i v e l y  in s e n s i t iv e  to the prec ise  values o f  the 
thermodynamic data  used. For inP the p r e d i c t i o n  i s  l e s s  f irm 
and t h i s  i s  r e f l e c t e d  to  some e x t e n t  in  th e  l i m i t e d  
experimental data a v a i la b le  to date.
However, there is  the p o s s i b i l i t y  that other reac t ion  pathways 
may compete with  the i n c o r p o r a t i o n  r e a c t i o n .  In p a r t i c u l a r ,  
there are severa l  v o l a t i l e  group I I I  chalcogenides  such as GajS 
and Ga2Se which may not only  be s t a b l e ,  but a l s o  hav- vapour 
p re s su r e s  s u b s t a n t i a l l y  g r e a t e r  than I x l O ' «  t o r r  under MBE 
growth co n d i t io n s  (18). In the f o l l o w in g  chapters,  we show that 
ch a lco g e n  i n c o r p o r a t i o n  in t o  I I I - V  s e m ic o n d u c t o r s  by MBE i s  
p o ss io le  and i d e n t i f y  several  competing react ions that may lead 
to  loss  o f  dopant from the growing semiconductor surface  under
certa in  con d i t ion s .
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CHAPTER 6: S AND Se DOPING OF MBS GaAs.
6.1; I n t r o d u c t i o n .
The s u c c e s s f u l  doping o f  GaAs with sulphur and se lenium 
described in chapter 3 was achieved at r e la t i v e ly  low substrate 
temperatures  ~570°C where the i n c o r p o r a t i o n  behaviour  was 
f a c i l e .  In t h i s  r e g i o n ,  th e  s u lp h u r  and s e l e n i u m  w ere  
incorporated with e f f e c t i v e l y  100% e f f i c i e n c y  with no evidence 
o f  segregation or  d i f f u s i o n .  However, the move towards higher 
growth tem p era tu res  f o r  enhanced c r y s t a l  q u a l i t y  in g e n e r a l ,  
and p h o to lu m in e s ce n ce  y i e l d s  in p a r t i c u l a r ,  r e v e a l s  s l i g h t l y  
more complicated  behaviour as w i l l  now be described .  A number 
o f  samples were prepared and grown according to  the procedures 
o u t l i n e d  in c h a p t e r  2. The e f f e c t  o f  s u b s t r a t e  tem perature ,  
arsenic overpressure and dopant f lux  on the the incorporat ion  
behaviour was in vest igated  fo r  both sulphur and selenium.
6.2; Material Propert ies .
Mobil i ty data f o r  sulphur doped layers were presented in f igure  
4.5 in ch a p te r  4 where s i m i l a r  r e s u l t s  to  l a y e r s  grown using Si 
or Sn were achieved . Uniformly selenium doped GaAs layers with 
2x10^^<Nj -N <2x l0^®cm“  ^ showed exce l le n t  e l e c t r i c a l  propert ies  
and morphology. M o b i l i t i e s  o f  6350 and 25000cm2v"^s"^ at 300K 
and 77K r e s p e c t i v e l y ,  were ach ieved  f o r  Nd-Na=8xl0^®cm 
Surface  morphology was in ge n e ra l  e x c e l l e n t  with  def>,ct 
d en s i t ie s  o f  the order o f  10®cm"2, comparable with the etch p i t  
d en s i t ie s  o f  the substrates  used.
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FIGURE 6.1: A combined C-V and Hall m ob i l i ty  depth p r o f i l e  o f  
four la ye r  Se -doped  GaAs f i l m .  The c r o s s e s  show the l o c a l
carr ier  concentrat ion ,  the c i r c l e s  the l o ca l  Hall m ob i l i ty  and 
the s o l id  l in e  the sheet mobi l i ty .
Figure 6.1 shows a combined c a r r i e r  c o n c e n t r a t i o n  and Hall  
m o b i l i t y  p r o f i l e  through a GaAs la y e r  grown w ith  a four s tep  
selenium s t a i r c a s e  doping p r o f i l e .  The la y e r  was grown on an 
undoped s u b s t r a t e  and f a b r i c a t e d  in t o  Van der  Pauw mesas f o r  
mobil i ty  measurement. The measurement technique (1) makes use 
o f  an e l e c t r o l y t i c  S c h o t t k y  c o n t a c t  t o  g i v e  c o n t r o l l e d  
d i s s o l u t i o n  o f  tn e  la y e r  and a depth p r o f i l e  o f  the l o c a l  
c a r r i e r  c o n c e n t r a t i o n  (upper c u r v e ) ,  l o c a l  Hal l  m o b i l i t y  
(middle curve) and sheet m ob i l i ty  (lower curve).  The changes in 
carr ier  concentrat ion  are c l e a r l y  resolved and are r e f l e c t e d  in 
the l o ca l  m o b i l i ty  curve. On the other hand, the sheet m ob i l i ty  
reveals l i t t l e  information thus highlighting the u t i l i t y  o f  the 
modulat ion  t e c h n iq u e  f o r  e x t r a c t i n g  l o c a l  i n f o r m a t i o n .  The 
m o b i l i t i e s  from t h i s  f i g u r e  compare w e l l  w i th  those  from
chapter 4.
6.3; Dependence o f  Sulphur I n c o r p o r a t i o n  on MBE Parameters^
F ig u r e  6.2A sh ow s  th e  r e s u l t  o f  v a r y i n g  the  s u b s t r a t e  
temperature  d u r in g  the growth o f  sulphur doped GaAs. The 
sulphur f l u x  was mainta ined  co n s t a n t  by a p p ly in g  an emf o f  
155mV t o  the  su lphur  c e l l  w h i le  the a r s e n i c  to  g a l l i u m  f l u x  
rat io  was held at  2:1. I t  may be seen from f ig u re ^ 3.9 that th is  
co r re sp o n d s  t o  a doping  l e v e l  o f  3x10 cm in the 
temperature regime where the doping e f f i c i e n c y  i s  e f f e c t i v e l y  
100%. The substrate  temperature was increased during growth in
^ _ cunOr* Tt. i s  e v i d e n t  from the C~Vfour  s t e p s  from 590 C to  630
depth p r o f i l e  that there i s  a decrease m  c a r r i e r  concent 
with i n c r e a s i n g  s u b s t r a t e  temperature .  That t h i s  i s  due to  a
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FIGURE 6.2:  (A) C-V depth p r o f i l e  o f  a fou r  l a y e r  S-doped GaAs 
f i l m .  The f i g u r e  shows the d e c r e a s e  in S i n c o r p o r a t i o n  with  
in c r e a s i n g  tem perature .  (B) C-V depth p r o f i l e  o f  a four la y e  
S-doped GaAs f i lm  where the AS4:Ga beam f lux  ra t io  was changed 
as ind icated  in the f igure .
decreasing sulphur atom concentration is  borne out by resu l ts  
from SIMS (2). This l o s s  o f  sulphur may be o f f s e t  by increasing 
the arsenic  overpressure.  Figure 6.2B shows a C-V depth p r o f i l e  
through a l a y e r  grown with  the same i n c i d e n t  sulphur f l u x  as 
above but  at  a c o n s t a n t  s u b s t r a t e  temperature  o f  615°C where 
s ig n i f i c a n t  l o s s  o f  sulphur was apparent from f igure  6.2A. The 
arsenic to gall ium f lu x  ra t io  was varied from 1.5:1 to 9.3:1 m  
four  s teps  as i n d i c a t e d  in the diagram. The h igher  l e v e l s  o f  
arsenic overpressure may be c l e a r ly  seen to  suppress the loss  
o f  sulphur.
F ig u r e  6.3 shows th e  c a r r i e r  c o n c e n t r a t i o n  f r o m  C-V 
measurements o f  many separa te  l a y e r s  grown over  a p e r i o d  o f  
s e v e r a l  months a t  610°C under c o n d i t i o n s  o f  sulphur l o s s .  The 
behaviour o f  the c a r r i e r  concentration when p lo t ted  against emf 
is  l inear ,  as in chapter 3, with a slope  that pred ic ts  that the 
i n c i d e n t  s p e c i e s  i s  S2 (x=2,0) as b e f o r e .  This i n d i c a t e s  
that ,  even under c o n d i t i o n s  where some l o s s  i s  o c c u r r i n g ,  the 
e lectrochemica l  sulphur c e l l  is  a w e l l  c o n tro l le d  dopant source 
and that  the su lphur  i n c o r p o r a t i o n  behav iour  i s  s t i l l  s im p le  
and f i r s t  o r d e r  under these  c o n d i t i o n s .  Thus in p r a c t i c a l  
terms, higher growth temperatures may be used and any sulphur 
loss  compensated fo r  by simply increasing the applied f lux .
6.4: Dependence o f  Selenium Incorporation on 5^  Parameters^
The e f f e c t  o f  varying the substrate temperature (Ts) during the 
growth o f  Se doped layers  i s  shown in f igure  6.4A. The selenium 
f lu x  was kept c o n s t a n t  by a p p ly in g  a f i x e d  emf (210mV) t o  the 
e l e c t r o c h e m i c a l  c e l l .  The a r s e n i c  to  g a l l iu m  f l u x  r a t i o
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FIGURE 6.4: (A) C-V depth p r o f i l e  o f  a four layer Se-doped GaAs
f i l m .  The f i g u r e  shows the d ecrea se  in Se i n c o r p o r a t i o n  with
i n c r e a s i n g  s u b s t r a t e  temperature .  (B) C-V depth p r o f i l e  o f
u *Ga beam flux rat iofour layer Se-doped GaAs f i lm  where the AS4
was changed as ind icated  in the f igure .
(JASA/JGa) was kept constant at 2.7:1 while Ts was increased in 
four steps from 580°C at the in ter face  to  690°C at the surface.
I t  i s  read i ly  apparent that there are two domains o f  behaviour.
At or below 620°C, the c a r r i e r  concentration i s  a weak function 
o f  growth temperature, while  above 620°C i t  decreases rapidly 
with increasing Ts. The corresponding SIMS p r o f i l e  i s  shown in 
f i g u r e  6.5 (2) .  This a g re e s  w e l l  w ith  the C-V measurements in 
terms o f  concentrat ion ,  showing c l e a r ly  that the drop in free  
e l e c t r o n  c o n c e n t r a t i o n  i s  due to  a l o s s  o f  se lenium, and 
reveals a d i f f e r e n c e  in the two lowest temperature layers that 
has become b lu r r e d  in the e l e c t r o c h e m i c a l  C-V p l o t .  This l o s s  
o f  reso lu t ion  was probably due to non-uniform i l luminat ion o f  
the sample during etching and result ing in uneven d isso lut ion .
in a separate experiment,  a selenium-doped layer was grown at a 
Ts where Se l o s s  was o b s e r v e d  and the e f f e c t  o f  varying the 
a r s e n i c  o v e r p r e s s u r e  d a r in g  growth s t u d ie d .  At a Ts o f  660°C 
and a S e - c e l l  emf o f  190mV, corresponding to  a nominal doping 
l e v e l  o f  Axl f l l ’ cm-S (assuming u n i ty  s t i c x i n g  c o e f f i c i e n t ) ,  
JAs^/JGa was v a r i e d  in f o u r  s teps  from 4 .2 :1  to  1 .5.1.  I t  may 
oe seen from f i g u r e  6.4B th a t  se lenium l o s s  i s  suppressed  at  
the h igher  a r s e n i c  o v e r p r e s s u r e s .  The d ip s  in the p r o f i l e  at  
the changes in o v e r p r e s s u r e  are b e l i e v e d  to oe due to  the 
dynamic response  o f  the a r s e n i c  e f f u s i o n  c e l l ,  which was 
d i f f e r e n t  t o  th a t  used f o r  the sulphur exp er im en ts  due t o  the 
amount o f  heat sh ie ld ing  surrounding the c e l l  heaters. Although 
the temperature  response  o f  the e f f u s i o n  c e l l  was c r i t i c a l l y  
damped, the f l u x  response  measured by the moveable ion gauge 
showed some overshoot,  presumably due to  temperature gradients 
within the c e l l  resu lt ing  in thermal lag.
68

I t  should oe noted that the rather high growth temperatures and 
reduced arsenic overpressures required to induce selenium loss  
place the growing surface very c l o s e  to becoming gall ium rich.  
The RHEED p a t t e r n  from such s u r f a c e s  i s  g e n e r a l l y  rather  
d i f fu s e ,  c e r ta in ly  well  away trom the As-r ich (2x4) pattern and 
more c h a r a c t e r i s t i c  o f  the (3x1) phase.
In a fu r t h e r  e x p e r im e n t ,  the i n c o r p o r a t i o n  o f  se len ium in t o  
GaAs was i n v e s t i g a t e d  as a f u n c t i o n  o f  a r r i v i n g  Se f lu x .  A 
growth temperature o f  560°C was used, with a JAs^/JGa rat io  o f  
3. 5:1 and the e l e c t r o c h e m i c a l  c e l l  d r i v in g  emf v a r i e d  in s ix  
steps  from 180mV to  250mV. The r e s u l t i n g  C-V depth p r o f i l e  i s  
shown in f i g u r e  6. 6, the SIMS p r o f i l e  (16) in f i g u r e  6.7 and 
the c a r r ie r  and elemental  concentrations p lo t ted  against emf in 
f i g u r e  6.8. The SIMS c o n c e n t r a t i o n s  were deduced from an ion 
implanted standard  at  2xl0^^cm“ ^. The C-V p r o f i l e  becomes 
confused above 2x l0^®cm”  ^ since at this  l eve l  the e l e c t r o l y t i c  
Schottlcy j u n c t i o n  i s  ra th er  leaicy e l e c t r i c a l l y  which causes  
e r r o r s  in the c a p a c i t a n c e  measurement from which the c a r r i e r  
c o n c e n t r a t i o n  i s  d e r i v e d .  However, as fa r  as i t  g o e s ,  the C-V 
depth p r o f i l e  i s  l i n e a r  with  r e s p e c t  to  emf,  showing s imple  
behaviour .  The SIMS data  i s  e x t r e m e ly  w e l l  r e s o l v e d  up to  the 
maximum doping l e v e l  and at the s u r fa c e  agrees  with  the C-V 
data to  w i th in  a f a c t o r  o f  two. The e le m e n ta l  c o n c e n t r a t i o n  
revealed  by SIMS i s  a l s o  l i n e a r  with  r e s p e c t  to  emf,  even up 
to 3x l 0^^cm”  ^ showing no e v id e n c e  o f  s a t u r a t i o n  e f f e c t s  or  
gross p re c ip i ta t i o n  which would tend to a l te r  the SIMS yie ld .  
This would suggest that the saturation s o l u b i l i t y  i s  in excess 
o f  3 x l0 ^ ^ cm ” 3. T h e re  i s  a l s o  no e v i d e n c e  f o r  s u r f a c e  
segregation e f f e c t s  under these growth cond it ions ,  cons istent
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FIGURE 6.6: A C-V depth p r o f i l e  o f  a s i x  la ye r  Se-doped GaAs 
f ilm where the EMF applied to the e lectrochemica l  Se 
varied as indicated in the f igure .  Ts=560 C, JAs^.JGa 3.5.
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FIGURE 6.8: SIMS and C-V concentrat ions  p lo t ted  against Se c e l l  
emf. Other l in e s  are explained in the text.
with the data  o f  Smith e t  a l  (4).
However, there is  a worsening discrepancy between the SIMS and 
C-V data as the p r o f i l e  p r o g r e s s e s  through the h ig h e r  doped 
l a y e r s .  This  i s  apparent  in f i g u r e  6.8 where the SIMS and C-V 
l ines  have d i f f e r e n t  s lopes ;  the SIMS data gives x=1.9 and the 
C-V data x*1.4. Smith et  al  (4) have observed s im i la r ,  although 
not  i d e n t i c a l ,  b e h a v i o u r .  They used  the  n o n - c o n g r u e n t  
e v a p o ra t io n  o f  SnSe2 to  produce Se doped GaAs l a y e r s  by MBE. 
Below lO^^cm“ ^, they o b se rv e d  a l i n e a r  dependence o f  c a r r i e r  
concentration (from C-V measurements) against re c ip ro ca l  dopant 
c e l l  temperature (with the c o r r e c t  a c t iv a t io n  energy) but above 
this  l e v e l  found the c a r r i e r  concentration depressed from the 
value p r e d i c t e d  by e x t r a p o l a t i o n  from low er  l e v e l s .  They 
proposed th a t  not a l l  o f  t h e i r  i n c o r p o r a t e d  se len ium was 
e l e c t r i c a l l y  a c t i v e  out d id  not make SIMS measurements.  The 
d i f f e r e n c e  in s l o p e s  between the l i n e s  i s  c l e a r l y  e v i d e n t ,  as 
i s  the good l i n e a r i t y  in each case .  The dashed l i n e  shows the 
e f f e c t  o f  s c a l i n g  the  SIMS c o n c e n t r a t i o n  by th e  amount 
predicted  by Smith e t  a l ’ s data. Although the concentrat ion  is  
depressed  by a p p r o x im a t e ly  the c o r r e c t  amount, the l i n e a r  
behaviour  o f  the C-V data i s  not reproduced  s u g g e s t in g  that  
this  explanation may not be wholly co r re c t .
Similar saturat ion e f f e c t s  are observed in Te doped GaAs using 
SnTe (5) but not PoTe (14) which ind ica tes  that the e f f e c t  may 
be due to the evaporation behaviour o f  the par t i cu lar  se lenide  
or t e l l u r i d e  used rather than an e f f e c t  i n t r i n s i c  to  selenium
or te l lurium.
To account fo r  th is  discrepancy through reduced a c t iv a t io n  at
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high concentrat ions ,  i t  i s  necc fsary  to postulate  a power law 
dependence o f  the a c t i v a t i o n  o f  the form n *k [S e ]^ ,  i »0 .7 5 .
Although th ere  are some s u g g e s t i o n s  in the l i t e r a t u r e  that  
selenium may form e l e c t r i c a l l y  in a c t ive  complexes such as Vq^^ - 
Se  ^ (15)» have i n s u f f i c i e n t  data to pursue th is  p o s s i b i l i t y
fur ther .
However, th e re  i s  a fu r t h e r  p i e c e  o f  data which must be 
c o n s id e r e d .  The lower  l i n e  in f i g u r e  6.8 i s  a p l o t  o f  the 
selenium f lu x  arr iv ing  at the substrate ,  shown as a function o f  
the a p p l i e d  emf.  This was measured on the moveable ion  gauge 
f lux monitor the day before  the high doped s ta ir case  was grown. 
This has the expected s tra ight  l i n e  behaviour but has the same 
slope as the C-V measurements. I f  th is  i s  c o r r e c t ,  i t  implies  a 
constant, i f  not t o t a l ,  a c t iv a t i o n  o f  the incorporated selenium 
and a n o n - l i n e a r i t y  in the SIMS y i e l d  from Se in GaAs as a 
function o f  concentration.  The concentrations  involved,  even at 
the h ig h e s t  l e v e l s  -0.1%, are b e l i e v e d  to  be to o  low f o r  any 
s i g n i f i c a n t  m a tr ix  e f f e c t s  on the SIMS y i e l d  (16 ) .  Such a 
d i s c re p a n cy  c e r t a i n l y  d e s e r v e s  f u r t h e r  study to  c o n f i r m  the 
c r e d i b i l i t y  o f  the SIMS technique in th is  material  system.
6.5: D iscuss ion .
6.5.1; Thermodynamic Model.
The tem perature  dependence o f  the  i n c o r p o r a t i o n  b e h a v io u r  o f  
the common c h a l co g e n  dopants  S,Se and Te i n t o  MBE GaA 
summarised in f ig u re  6.9. The s u l fu r  and selenium data are our
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FIGURE 6.9; I n c o r p o r a t e d  dopant c o n c e n t r a t i o n  from f i g u r e s  
6. 2, 6.4 and 6.5 p l o t t e d  vs.  r e c i p r o c a l  s u b s t r a t e  temperature .  
0 : - S  (C-V),  X ; -Se  (C-V),  -»-;-Se ( S I M S ) , 0 : - T e  (SIMS, data from
re f  5).
own and the t e l l u r i u m  data  i s  drawn from the work o f  C o l l i n s  e t  
a l  (5). l i '  t h i s  f i g u r e ,  r e c i p r o c a l  s u b s t r a t e  temperature  is  
p l o t t e d  a long  the h o r i z o n t a l  a x i s  and donor  c o n c e n t r a t i o n  on 
the v e r t i c a l  axis .  Sul fur ,  selenium and te l lur ium both exh ib i t  
ve ry  s i m i l a r  b e h a v i o u r ,  and the  a c t i v a t i o n  en ergy  f o r  
d e s o r p t i o n  d e r iv e d  from the s l o p e  o f  tne high temperature 
port ion o f  the graph i s  s im i la r  at 70xcal.mol"^.
In ch a p te r  5, we showed that  the r e a c t i o n
l/2X2(g)+V;^3 = X^3 t i l
(where X i s  S,Se o r  Te, (g) i n d i c a t e s  tne gas phase,  i s  an
a r s e n i c  vacancy in GaAs, X^g+ an i o n i s e d  atom on an a r s e n i c  
s i t e  in GaAs and a" an e l e c t r o n  in the conduction band o f  GaAs) 
goes e s s e n t i a l l y  to  c o m p l e t i o n  under MBE c o n d i t i o n s .  E a r l i e r  
r e s u l t s  on ch a l co g e n  doping o f  GaAs by MBE using thermal 
evaporation from compound sources (6) ind icated  that there were 
no l o s s  r e a c t i o n s  o f  s i g n i f i c a n c e  at  a growth temperature o f  
560°C and t h i s  was c o n f i r m e d  by the r e s u l t s  presented  in 
chapters 3 and 4. In addit ion  we note that the predict ion  that 
r e a c t i o n  [ 1 ] above l i e s  to  the r i g h t  was f i r m  enough f o r  the 
s i t u a t i o n  not to  change over  the range o f  temperatures  and 
arsenic  overpressures explored in MBE. Indeed, the experimental 
behaviour  i s  o p p o s i t e  to  tn a t  p r e d i c t e d  from any l i k e l y  
temperature or  arsen ic  overpressure dependence o f  the arsenic
vacancy concentration.
in  s e e x in g  an e x p l a n a t i o n  f o r  the l o s s  o f  cha lcogen  dopant 
observed at e levated  growth temperatures,  we therefore  consider 
the p o s s i b l e  r e a c t i o n  ro u te s  com pet ing  w i th  [11 above
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involving the production o f  v o l a t i l e  chalcogenide compounds at 
the growing surface.  Since the gall ium chalcogenides generally 
have more n e g a t i v e  h e a t s  o f  f o r m a t i o n  than the  a r s e n i c  
c h a l c o g e n id e s  (7 ) ,  and e s p e c i a l l y  s in c e  the ch a lco g e n s  are 
incorporated on the arsenic  s i t e  in GaAs, we may consider that 
the gall ium chalcogenides  are the most l iKely  to be formed.
A very s im ple  model w i l l  be used to  i l l u s t r a t e  the GaAs- 
cna lcogen  i n t e r a c t i o n .  The g a l l i u m ,  a r s e n i c  and chalcogen  
re a c ta n ts  are i n c i d e n t  upon the s u b s t r a t e  in gaseous  form. 
Impinging on the s u b s t r a t e ,  they are adsoroed and assumed to 
e q u i l i b r a t e  to the s u b s t r a t e  tem perature .  In t h i s  adsorbed 
layer,  which has l e s s  than one monolayer e f f e c t i v e  tniclcness, 
the atoms have a high s u r fa c e  m o b i l i t y ,  as e v id e n c e d  by tne 
a b i l i t y  t o  grow GaAs w i t h  v e r y  s m a l l  d e v i a t i o n s  from 
s t o i c h i o m e t r y  and con seq u en t ly  low d e f e c t  c o n c e n t r a t i o n s  
suitable  fo r  e l e c t r o - o p t i c  dev ices ,  and growth ta*ces place via 
the in teract ion  between the adsorbed layer and the substrate. 
The s i tuat ion  is  conceptually  rather s im i lar  to growth from t 
l iquid  phase (LPE) where the so lu t ion  depth has been reduced to 
'  1 monolayer .  The s p e c i e s  p re s e n t  in t h i s  adsorbed layer  are 
assumed to be in equil ibr ium with the oullc layer ,  the adsorbed 
atom m o b i l i t i e s  being nigh enough to make the react ion  kinetics  
fa c i l e .  Those rea c t ion s  result ing  in s o l id  products are assumed 
to lead to  i n c o r p o r a t i o n ,  w h i le  gaseous p rod u cts  r e s u l t  in 
d e s o r p t i o n .  The r e a c t a n t  p r e s s u r e s  c a l c u l a t e d  f o r  the  
i n c o r p o r a t i o n  r e a c t i o n  in ch a p te r  5 o b ta in  a t  the i n t e r f a c e  
between the a d sorb ed  la y e r  and the s u b s t r a t e ,  w h i le  the beam 
p ressu res  o b t a i n  a t  the i n t e r f a c e  between the vacuum and the 
adsorbed l a y e r .  These p re s s u r e s  r e p re se n t  the maximum and 
minimum values f o r  subst i tut ion  in to  the relevant expressions
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for  equi l ibrium constant ca l cu la t io n s .
Mass spectrometr ic  studies  o f  the d i s s o c ia t i v e  evaporation o f  
s o l i d  g a l l iu m  c h a l c o g e n i d e s  (8 ) have re v e a le d  that  the main 
stable spec ies  at or  near MBE pressures and temperatures are o f  
the form Ga2X3 ( s )  and Ga2X(g )  where X=S,Se o r  Te. Using  
standard therm ochem ica l  data  f o r  these s p e c i e s  (7 ,9 ) ,  the 
e q u i l i b r i a  between the GaAs s u r f a c e ,  the i n c i d e n t  ch a l co g e n  
species X2(g) and the s o l i d  and gaseous gall ium chalcogenides  
may be e x p lo r e d  w i t h in  the  frameworic o f  the s im ple  model 
outl ined above. I f ,  f o r  a p a r t i cu la r  set o f  growth cond it ions ,  
the s o l i d  form i s  p r e d i c t e d  to  ba s t a b le  with r e s p e c t  to  the 
gaseous form, we may expect  doping to proceed via  react ion  [1 ] 
o f  chapter  5. A l t e r n a t i v e l y ,  i f  the gaseous  form i s  the 
t h e r m o d y n a m i c a l l y  p r e d i c t e d  p r o d u c t ,  ( o r  r a t h e r  i f  i t s  
equilibrium vapour pressure i s  comparable with or exceeds the 
incident chalcogen pressure) ,  a potent ia l  route for  the l o s s  o f  
dopant w i l l  have been i d e n t i f i e d .  The axtant  to  which such a 
loss  react ion  may proceed and compete with [1] i s  determined by 
the de ta i led  k in e t i c s  o f  the growing surface.
6.5.2; S t a b i l i t y  o f  Gallium Sulphides^
Consider the formation o f  the v o l a t i l e  spec ies  Ga2S(g).
2G a ( l )+ l /2S2(g) * Ga2S(g) [21
using enthalpy and entropy values from (7) we may c a l cu la te  the 
f tee-enetgy change fo r  t h i s  react ion  to be:
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G2=-10,325-22.45xT c a l o r i e s / m o l .
Tne equil ior ium constant  i s  therefore
K2=PGa2S/(PS2)^^^=exp(-G2/RT)
This evalaates  to K2=6.7xlo'^atin"-‘-/2 at 500<^ C, 3.1x l o ”^ atm"^/^
600°C and 1.7x10 atm7 . . „ - 1/2 at 700°C.
Vie may c o n s i d e r  that  equat ion  [2 ]  r e f l e c t s  tne c o n d i t i o n s  at 
the growing s u r f a c e  s i n c e  growth does  ta<e p la c e  near tne Ga 
l iquidus  (10), and subst i tu te  typ ica l  MBE values o f  T=500-700°C 
and PS2=6xlO“ '^*atm (the incident f lux  for  n=2x l0^®cm ® doping) 
to  y i e l d  va lu e s  o f  PGa2S o f  16.4atm, 7.6atm and 4.2 atm at 
500,600 and 700®C r e s p e c t i v e l y .  C l e a r l y ,  t h i s  exceeds  any 
applied sulphur pressure p ra c t i ca l  under MBE condit ions  over a 
wide range o f  temperature and doping leve l .
To include the e f f e c t  o f  Ga being present in the form o f  GaAs, 
we may taxe a d i f f e r e n t  react ion fo r  our model tnus :-
2GaAs(3) + l/2S2(g) = Ga2S(g)+AS2(g) [31
This leads to 03=81495-68.9xT c a lo r i e s /m o l  and
K3=PAS2. PGa2S/PS2^^^*exp(-G3/RT)
For PAs2=2x l O " ® t o r r  and other  va lues  as in the p rev iou s  
example, we obtain  PGa2S -9.6xlO-' 'atm at 500°C, 4.2x l0- ‘ atm at
600°C and S . lx lO '^ a tm  at  700°C, a l l  g r e a t l y  in  e x c e s s  o f  the
applied PS2*
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I t  may be argued that,  s ince  react ion  [3 1 deals with the s o l id  
GaAs r a t h e r  than j u s t  the g a l l i u m  component in [ 2 ] ,  the 
e q u i l i b r i u m  PS2 va lues  deduced  from chapter  5 should  be used. 
Thus, f o r  the same doping l e v e l  o f  na2xl0^®cm PS2* 1. 2xlO 
^®atm. Therefore the pred icted  values for PGa2S become 4.3x10 
^^atm at 500°C, 1.9xl0"^atm at 600°C and 2.3x10 ^atm at 700°C,
which again exceed  tne a p p l i e d  PS2 by s e v e r a l  o rd e rs  o f  
magnitude.
R ea ct ion  13] would appear t o  be a more r e a l i s t i c  c h o i c e  f o r  
m o d e l l in g  the behaviour than r e a c t i o n  12) as i t  does  in c lu d e  
the e f f e c t  o f  the a r s e n i c  o v e r p r e s s u r e .  Indeed,  i t  does show 
the c o r r e c t  t r e n d  in p r e d i c t i n g  r e d u c e d  l o s s  at  low  
tem peratures  and e l e v a t e d  a r s e n i c  p ressu res .  However, the 
p r e d i c t e d  dependence on PAS2 i s  much weaker than observed  
experimental ly.  In addit ion ,  the experimental data was gathered 
using AS4, and although the equ i l ibr iu m  between the tetrameric  
and d i m e r i c  a r s e n i c  s p e c i e s  may be e a s i l y  c a l c u l a t e d ,  i t  i s  
well  known that the decomposition o f  As^ to AS2 i® k i n e t i c a l l y  
h indered  under t y p i c a l  GaAs MBE growth c o n d i t i o n s .  In the  
fo l l ow in g  therefore ,  the s im pler  form [2 ] w i l l  be used with the 
j u s t i f i c a t i o n  that growth ta k e s  p l a c e  neat the l i q u i d u s  (10). 
The r o l e  o f  the a r s e n i c  o v e r p r e s s u r e  w i l l  nowevet becom
apparent la ter .
The important point is  that Ga2S(g) i s  predic ted  to  be a s tab le  
s p e c i e s  under MBE c o n d i t i o n s  w ith  an e q u i l i b r i u m  pressure  
g r e a t l y  in e x c e s s  o f  the a p p l i e d  dopant f lu x .  S i m i l a r i l y ,  we
may c o n s i d e r  the fo rm ac ión  o 
thus : -
f the s o l i d  su lp h id e  Ga2S3<s)
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2Ga(l)+3/2S2(g) * Ga2S3(s) [4]
G4=-168,925+67.95xT
K4=(PS2)“ ^'^^=exP“ G4/RT and
PS9=(expG4/R T )^ /^ = l . l x lO "^ ^ a tm  at  500°C, 5xlO"^^atm at 600°C 
and 3.9x l0"^^atm at 700°C.
These values are low in comparison with the applied f lux but o f  
the same order as the ca lcu lated  equil ibr ium sulphur pressure
from chapter 5.
i n t e r e s t i n g l y ,  i f  we s u b s t i t u t e  th e s e  e q u i l i b r i u m  pressures  
in t o  e q u a t io n  [181 o f  ch a p ter  5, we f i n d  that  they correspond  
to  doping l e v e l s  in  the range l o ' - ’ < n < 1 0 c m ' ^ .  Although 
deta i led  agreement i s  to  some extent fo r tu i tou s  in the l igh t  o f  
the s i m p l e  t h e r m o d y n a m ic  a p p r o x i m a t i o n s  used in the  
c a l c u l a t i o n ,  th e  p r e d i c t e d  d o p i n g  l e v e l s  do c o r r e s p o n d  
approximately to the known saturat ion  doping leve l  C i o l ’ cm 3) 
o f  sulphur in GaAs (11),  where Ga2S3<s) would be prec ip itated .  
This agreement s u g g e s t s  that  a c e r t a i n  c o n f id e n c e  in the 
v a l id i t y  o f  the method is  j u s t i f i e d .
Therefore,  both Ga2S(g) and Ga2S3(s) are expected to be formed 
under MBE cond it ions .  To determine which o f  the forms is most 
s t a b l e ,  the e q u i l i b r i u m  between the s o l i d  and gaseous forms 
must be considered.  There are two p o s s ib le  re a c t io n s : -
Ga2S3(s) * Ga2S(g)+S2(g)
[51
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4Ga(l)-»-Ga2S3(3)-* 3Ga2S(g) [61
R e a c t i o n  [51 i s  th e  p r i n c i p a l  r o u te  by which 
evaporates  (8) ,  but  i f  i s  im portant  to take in t o  account  the 
fact  that the growing surface  contains a great excess o f  Ga as 
far  as the c h a l c o g e n i d e  i s  concerned s in c e  doping t y p i c a l l y  
takes place on the ppm sca le .  Therefore react ion [61 may be o f  
importance .  Using the v a lu e s  PS2*6xlO"^^atm T*600°C and 
assum ing  t h a t  th e  a c t i v i t i e s  o f  Ga2S3 a re  u n i t y  (n e a r  
s a t u r a t i o n  d o p i n g  and g r o w t h  near tne  Ga l i q u i d u s )  the  
equi l iorium pressure o f  PGa2S is  ca lculated  to be 8.5x10 atm 
for react ion  [51 (4 .3xl0 ’ ^2atm using chapter 5 values fo r  PS2> 
and 2xl0“ 2atm fo r  rea c t ion  [61. The former resu lt  is  c on s is ten t  
with n e g l ig ib l e  evaporation o f  897K (8)r while the
l a t t e r  i n d i c a t e s  th a t  the Ga2S3 may indeed be reduced q u i t e  
readily under Ga-r ich co n d i t io n s  to v o l a t i l e  Ga2S.
T h e r e fo r e ,  not o n ly  i s  the gaseous su lphide  p r e d i c t e d  to  be 
formed in the growing sur face  under MBE condit ions ,  leading to  
a net l o s s  o f  su lphur  d op an t ,  but a l s o  the the sulphur in the 
GaAs l a t t i c e  (m o d e l l e d  as Ga2S3 near the s o l u b i l i t y  l i m i t )  i s  
unstab le  with  r e s p e c t  to  the gaseous form v ia  r e d u c t i o n  by
gallium.
6.5.3; Gall ium S e l e n i d e s  and T e l l u r i d e ^
The ca l cu la t i o n s  fo r  the other two chalcogens Se and Te
the same frameworic and the resu lts  are depicted  in table  1. In
each case,  the gaseous form Ga2X(g) (X«S,Se,Te) i s  pred icted
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reactions
1) 2G a ( l ) + l /2X2(g) = Ga2X(g)
2) 2Ga(l)+3/ 2X2(g) = Ga2X3(s)
3) Ga2X3(s)  = Ga2X(g) + X2 (g )
4) 4Ga+Ga2X3(s) — 3Ga2X(g)
PREDICTED PRESSURES(atm)
Se Te
1) PGa2X 7.0 4.4x10 2.6x10“ ^^
2) PX2 4.5x10"^^ 4.6x10"^ 2.6x10
3) PGa2X 8.5x10"^^ 2.9x10“  ^ 9.2x10“ ^°
4) PGa2X 2.0x10"^ 4 .1x l0" ‘* 9.4x10-4 >-5
TABLE 6.1: Likely react ions and predicted  equlibrium pressures 
for the gal l ium chalcogenides under MBE growth conditions.
form at  the growth  temperature  under the i n c i d e n t  f l u x e s  and 
the s o l i d  p h a se  Ga2X3( s ) ,  i f  f o r m e d ,  i s  p r e d i c t e d  t o  be 
unstab le  w ith  r e s p e c t  t o  the gaseous  phase. In a d d i t i o n ,  the 
c a l c u l a t e d  e q u i l i b r i u m  Ga2X(g) p r e s s u r e s  exceed the i n c i d e n t  
X (g) f l u x  l e a d i n g  to  a p r e d i c t e d  net  l o s s  o f  dopant from the 
growing s u r f a c e  o v e r  a wide range o f  growth tem p era tu res ,  
doping l e v e l s  and beam pressures.  The successfu l  achievement o f  
ch a lco g e n  doping  v ia  r e a c t i o n  111 must t h e r e f o r e  on ly  be 
poss ib le  by v i r tu e  o f  n in e t i c  hindrance to  the l o s s  react ion  in
ta b le  1.
In the above ,  f o r m a t i o n  o f  v o l a t i l e  Ga2X i s  i d e n t i f i e d  as a 
poss ib le  route f o r  the loss  o f  chalcogen.  The equil ibrium with 
GajXj i s  used to  determine the s t a b i l i t y  o f  any Ga2X so formed. 
However, i t  i s  not  su gges ted  that  the ch a lco g e n s  are  a c t u a l l y  
present in GaAs as Ga2Xg, except at the s o l u b i l i t y  l i m i t ,  only 
tnat in c o n s i d e r i n g  the e q u i l i b r i a  between the c h a l c o g e n id e  
s p e c i e s ,  Ga2Xg i s  a c o n v e n ie n t  analogy f o r  the ch a lco g e n  
e n v i r o n m e n t  f o r  w h ich  t h e r m o o h e m i c a l  d a ta  are  r e a d i l y  
ava i lab le .  The c a l c u la t i o n s  are there fore  s t r i c t l y  only va l id  
at the s o l u b i l i t y  l i m i t  (hence the c h o i c e  o f  a high doping 
l e v e l )  and a t  l o w e r  c o n c e n t r a t i o n s  the a c t i v i t y  o f  the GagXg 
would be reduced .  However, the p r e d i c t i o n s  reg ard in g  the 
fo r m a t io n  o f  Ga2X are s u f f i c i e n t l y  s trong  that  they remain 
v a l i d  o v e r  a wide  range o f  dop ing .  The a c tu a l  i n c o r p o r a t i o n  
r e a c t i o n  i s  s t i l l  b e l i e v e d  to  be governed by e q u a t i o n  (1), 
notwithstanding the analogy with Ga2X3»
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5.5.4;  K i n e t i c  A spects .
I t  i s  e v i d e n t  from £ i9ure 6.9 that  Se and Te a l l  have
s i m i l a r  temperature  dependences  in the regime where l o s s  i s  
s i g n i f i c a n t .  The c a l c u l a t e d  a c t i v a t i o n  e n e r g y  f o r  the  
d e s o r p t i o n  p r o c e s s  i s  o f  the o rd e r  o f  70iccal.mol  ^ in each 
case. Addit iona l ly ,  in each case the e f f e c t  o f  increasing the 
s u b s t r a t e  temperature  may be o f f s e t  by an in c r e a s e  in the 
As^/Ga r a t i o  impinging on the s u b s t r a t e  as shown in  f i g u r e s  
6.2B and 6.4B f o r  S and Se and by C o l l i n s  (5) f o r  Te.
A s im i la r  temperature behaviour and a c t iv a t io n  energy have been 
r e p o r t e d  by Panish (12) f o r  tne GaAs(100) ( 2 x 4 )-GaAs(100) (3x1)  
a r s e n i c  s t a b i l i s e d  s u r fa c e  s t r u c t u r e  pnase t r a n s f o r m a t i o n  
Observed by RHEED, as a funct ion o f  AS2/Ga ra t io .  This i s  shown 
in f i g u r e  6.10. The s i m i l a r  a c t i v a t i o n  e n e r g i e s  su g g e s t  a 
common r e a c t i o n  mechanism and i t  seems l i ’xe ly  that  i t  i s  the 
s u r fa c e  a r s e n i c  p o p u la t i o n  that  p la ys  a )cey r o l e  in t 
i c in e t i c s  o f  the l o s s  r e a c t i o n  in the same way as i t  does  f o r  
the s u r f a c e  s t r u c t u r e .  T h e r e f o r e ,  a t  e l e v a t e d  te m p e ra tu re s ,  
loss  o f  arsenic not only leads to the formation o f  new surface  
s t r u c t u r e s ,  but a l s o  r e s u l t s  in an in c r e a s in g  Ga p o p u l a t i o n  
(g a l l iu m  d r o p l e t s  in tne l i m i t )  f r e e  co bond to  c h a l c o g e n  
dopant atoms and so to form the v o l a t i l e  dopant spec ies  Ga2X(g) 
(X=S, Se, Te).  I n cre a s e d  a r s e n i c  o v e r p r e s s u r e s  d e c r e a s e  the 
s u r fa c e  f r e e  g a l l i u m  p o p u la t i o n  a v a i l a b l e  f o r  c h a l c o g e n i d e  
formation.  The behaviour may there fore  be explained by a change 
in the re la t iv e  rates o f  the competing incorporat ion  and loss  
r e a c t i o n s .  At low er  tem peratures  the X i n e t i c  b a r r i e r  t o  the 
l o s s  r e a c t i o n s  reduces  the f o r m a t i o n  o f  v o l a t i l e  Ga2X(g) to  a 
n e g l i g i b l e  amount, a l l o w i n g  the i n c o r p o r a t i o n  reac
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(AS STABIUZED)
FIGURE 6.10: Temperature dependence o f  GaAs surface structures  
as a function o f  arsenic  to gallium f lux  ra t io .  After reference 
( 12) .
dominate, unimpeded by any detected  Icinetic barriers .
The selenium re s u l t s  however show that not a l l  the features o f  
the chalcogen-GaAs i n t e r a c t i o n  may be ex p la in e d .  The a c tu a l  
l o s s  ra te  f o r  t h i s  dopant i s  the l o w e s t  o f  the three  ch a lco g e n s  
under o t h e r w is e  s i m i l a r  c o n d i t i o n s ,  the p lateau reg ion  in 
f igure  6.9 extending to higher temperatures ; although the case 
with  Te i s  not s t r i c t l y  comparable  owing to the i n t e r a c t i o n  
with Sn (5).  Se l i e s  in the m idd le  o f  the  group VI s e r i e s  and 
i t s  enhanced s t a b i l i t y  as a dopant  w i th  r e s p e c t  to  S and Te 
which l i e  above and below i t  in the p e r io d i c  table contrad ic ts  
the usual  monotonic  trend in  p r o p e r t i e s  as such a column i s  
d e s c e n d e d .  T here  i s  no c l u e  f rom  the th erm od yn a m ic  
c a l c u l a t i o n s ,  indeed  the r e l a t i v e  s t a b i l i t i e s  o f  the s o l i d  
c h a l c o g e n i d e s  w o u ld  p r e d i c t  th e  o p p o s i t e  t r e n d  t o  t h a t  
oDserved.  The e x p l a n a t i o n  f o r  i t s  enhanced s t a b i l i t y  in the 
l a t t i c e  i s  not icnown but i t  i s  noted that  Se does l i e  next to  
AS in tne p e r i o d i c  t a b l e  whose s i t e  i t  o c c u p ie s  in the GaAs 
l a t t i c e .  The e f f e c t  o f  dopant atom s i z e  and the s tra in  e f f e c t s  
induced by su bst i tu t ion a l  doping are w e l l  Known in highly doped 
I I I - V  s e m ico n d u c to rs  (13) but  th e re  i s  i n s u f f i c i e n t  data to  
pursue th is  avenue further.  What i s  c l e a r  is  che techno log ica l  
importance  o f  t h i s  enhanced s t a b i l i t y .  Se may be used as a 
dopant f o r  GaAs at  h igher  growth temperatures  and with low 
As/Ga ra t ios  co n s is te n t  with the growth o f  the highest qual i ty
GaAs layers.
6.6: Conclusions.
Sulphur and se len iu m  have been used s u c c e s s f u l l y  to  dope MBE
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GaAs. Both dopants are incorporated in a f a c i l e  manner and with 
e f f e c t i v e l y  100% e f f i c i e n c y  at low tem peratures .  However, at 
e l e v a t e d  t e m p e r a t u r e s ,  >590°C f o r  sulphur and >620^0 f o r  
selenium, incorporat ion  at usefu l  l e v e l s  may s t i l l  be achieved 
but an i n c r e a s i n g  l o s s  o f  dopant i s  observed .  This l o s s  i s  
interpreted in terms o f  competit ion  between the incorporation 
r e a c t i o n  and the f o r m a t io n  o f  v o l a t i l e  g a l l i u m  c h a l c o g e n id e s  
Ga X(g) (X=S, Se,  Te) which are  i n c r e a s i n g l y  favoured at 
elevated growth temperatures and re s t r i c t e d  arsenic  f laxes .  A 
model has been presented f o r  the GaAs-chalcogen in terac t ion  and 
i t  has b e e n  d e m o n s t r a t e d  t h a t  the l o s s  r e a c t i o n s  are  
thermodynamically favoured over the en t ire  MBE range o f  growth 
c o n d i t i o n s  and th a t  succes f fu l  dop ing  at low tem peratures  may 
on ly  be a c h ie v e d  due to a k i n e t i c  o a r r i e r  to  the fo r m a t io n  o f  
the Ga2X s p e c i e s .  I t  i s  p o s t u l a t e d  that  i t  i s  the s u r f a c e  
gallium population,  mediated by the substrate temperacure and 
arsenic overpressure ,  that plays a key ro le  in the k in e t i c s  o f  
the l o s s  r e a c t i o n .  A n a lo g ie s  w ith  rep orsed  data  on Te doping 
and s u r f a c e  s t r u c t u r e  phase t r a n s f o r m a t i o n s  support  t h i s  
theory .  I t  has been shown th a t ,  o f  the c n a l c o g e n s ,  se lenium 
shows an enhanced s t a b i l i t y  w hich ,  a l though not e x p la in e d  by 
the s i m p l e  m od e l  p r e s e n t e d  h e r e ,  makes i t  th e  most  
t e c h n o l o g i c a l l y  u s e f u l  c h a l c o g e n  dopant f o r  high q u a l i t y  MBE
GaAs.
6.7; References.
1) T.Ambridge and C .J .A l len .  E l e c t r o n i c s  L e t t e r s ,  15,  648,
(1979)« Hall  P r o f i l e  per form ed  by C .J .A l len ,  R3.1.4, BTRL.
2) SIMS a n a l y s i s  by C h a r l e s  Evans and A s s o c i a t e s ,
San Mateo, C a l i f o rn ia ,  USA.
3) H.Rickert ,  P hys ics  o f  E l e c t r o l y t e s ,  e d i t e d  by J.Hladiic,
(Academic New YorK), 2, 519, (1972).
4) R .S .S m i th ,  P.M.Ganser and H.Ennen. J.Appl.Phys. ,  53,  9210,
(1982).
5) D.M.C o l l i n s ,  J .N .M i l l e r ,  Y.G.Chai and R.Chow. J .Appl .Phys. ,  
53, 3010, (1982).
6 ) C.E.C.Wood. App i .P h y s .L e t t . , 33, 770, (1978).
7) O .Kubaschew s< i  and C . B . A l c o c k ,  M e t a l l u r g i c a l  Therm o­
chemistry 5th Ed, Pergam on Press London (1979).
8 ) O.M.Uy, D.W.Muenow, P . J . F i c a l o r a  and J .L .  Mar g r a v e , 
Trans. Faraday Soc . ,  64, 2998, (1968).
9) K .C.Mil ls .  Th erm odyn am ic  data f o r  i n o r g a n i c  S, Se and Te
compounds, Butterworth London (1974).
10) J.R.Arthur. J . Phys.Chem.Sol . , 28 ,  2257, (1967).
11) E.Veuhoff, M.Maier, K.H.Bachem and P.BalK. J.Cryst.Growth.,
53, 598, (1981).
12) M.B.Panish. j . Electroch em .S oc . , 127,  2729, (1980).
13) L.Suchow. Mat .Res .B ul l . ,  17, 1401, (1932).
14) J i a n g  D e -S h e n g ,  Y .M a k i t a ,  K .P loog  and H . J . Q u e i s s e r , 
J .Appl .Phys. ,  53, 999, (1982).
15) L . J . V i e l a n d  and I .Kudman. J . P h y s . C h e m . S o l . , 24 , 437 ,
(1963).
16) SIMS Analysis by G .Sp i l ler ,  BTRL SIMS f a c i l i t y .
83
CHAPTER 7. S AND Se DOPING OP NBB AlGaAs.
7,1; I n t r o d u c t i o n ,
In the p re ce  d in g  c h a p t e r s ,  i t  has been demonstrated that 
sulphur and selenium may be s u cce ss fu l ly  incorporated into GaAs 
during MBE growth in a f a c i l e  manner at moderate growth 
temperatures .  At e l e v a t e d  tem peratures ,  near the p r a c t i c a l  
maximum f o r  MBE GaAs, a reduced doping e f f i c i e n c y  has been 
oDserved and e x p l a i n e d  in terms o f  the fo rm a t io n  o f  v o l a t i l e  
ga l l ium  c h a l c o g e n i d e s  on the b a s i s  o f  a thermodynamic model. 
This model and the e xp e r im e n ta l  study are extended in th is  
chapter to the incorporat ion  o f  S and Se in Ga^^.^Al^As. Layers 
o f  t n i s  m a t e r i a l  w i t h  the  b e s t  o p t i c a l  and e l e c t r i c a l  
c h a r a c t e r i s t i c s  a r e  o b t a i n e d  a t  •
r e s t r i c t e d  a r s e n i c  o v e r p r e s s u r e s  and at growth temperatures  
some 100°C h ig h e r  than fo r  t y p i c a l  GaAs growth (1).  I t  might 
seem th ere fo re ,  from the evidence for  GaAs, that these growth 
c o n d i t i o n s  would  p r e c lu d e  the s u c c e s s f u l  i n c o r p o r a t i o n  o f  
cha lcogen  dopants  in  MBE Ga^^_j^Al^^As. In the f o l l o w i n g ,  i t  is  
demonstrated that  S and Se may be s u cce s s fu l ly  incorporated and 
the t h e r m o d y n a m ic  frameworic  i s  expanded  t o  i n c l u d e  the 
s t a b i l i t y  o f  aluminium chalcogenides.  The experimental results  
are then d i s c u s s e d  in the l i g h t  o f  the r e s u l t s  from the 
thermodynamic c a l c u la t i o n s .
A number o f  s t ru c tu res  were grown to explore the incorporatio  
behaviour o f  sulphur and selenium in C3a]^_jjAij{As as a 
o f  growth temperature,  arsenic overpressure ,  inc ident  chalcog 
f l u x  and a lu m in iu m  c o n t e n t  x. The grown l a y e r s
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c h a r a c t e r i s e d  by s e v e r a l  t e c h n i q u e s  i n c l u d i n g  SIMS and 
e l e c t r o c h e m i c a l  C-V p r o f i l i n g  to  determine  dopant and f r e e -  
e lectron  concentrations  and photovoltage spectroscopy (PVS) for  
measurements o f  aluminium content.  Unfortunately, the range o f  
exper im ents  using se len ium  i s  rather  more l i m i t e d  than f o r  
s u lp h u r  due to  the p r e m a t u r e  f a i l u r e  o f  the  s e l e n i u m  
electrochemica l  c e l l  by the mechanism described in chapter 3.
7,2; Experimenta l  R e su l t s .
Figures  7.1 and 7.2 show C-V and SIMS p r o f i l e s  r e s p e c t i v e l y  
through a la y e r  o f  Gag_75Alg 25^® d e l i b e r a t e l y  doped with  
sulphur at  a range o f  growth temperatures  as in d i c a t e d .  The 
As . /Ga f l u x  r a t i o  was ' 2 : 1  and the sulphur c e l l  emf o f  165mV 
correspon ded  t o  a doping  l e v e l  o f  3- 5x l 0l ' ' cm-3 in GaAs a t  low 
growth temperatures. PVS spectra  taken at intervals  through the 
C-V p r o f i l e  r ev ea led  th a t  the aluminium c o n c e n t r a t i o n  was 
constant at 25% throughout the layer.
At growth temperatures  o f  630°C and 660=>C, the SIMS and C-V 
c o n c e n t r a t i o n s  agree t o  w i t h i n  a f a c t o r  o f  two,  a l though the 
SIMS c o n c e n t r a t i o n  s c a l e  was based on ion implanted  GaAs 
standards and i s  there fore  s u o je c t  to some uncertainty.  Both 
f igures  are in broad agreement with the doping leve l  expected 
f o r  GaAs f o r  t h i s  c e l l  emf a t  low g r o w t h  t e m p e r a t u r e s .  
Addit ional ly ,  at  630°C and 660°C, there i s  no evidence f o r  the 
s u b s t a n t i a l  l o s s  o f  sulphur th a t  would c e r t a i n l y  be e x p e c t e d  
from GaAs at these  e l e v a t e d  tem peratu res .  The a d d i t i o n  o f  25% 
aluminium to  GaAs then, appears to s t a b i l i s e  the incorporation
of  sulphur up to 660®C.
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FIGURE 7.1: E l e c t r o c h e m i c a l  C-V p r o f i l e  th r o u g h  a l a y e r  
GaQ_75Alo .25' s^ doped with  sulphur where the growth temperature 
was v a r i e d  as i n d i c a t e d .
FIGURE 7.2 :  SIMS p r o f i l e  o f  the layer in f igure  7 .1 .
At 690°C however ,  as both the SIMS and C-V p r o f i l e s  bear out ,  
some l o s s  o f  sulphur does  o c c u r .  The C-V data shows a reduced 
concentrat ion compared with the SIMS data which i s  probably due 
to  the  c a p t u r e  o f  e l e c t r o n s  by deep  t r a p s  w hich  are  
c h a r a c t e r i s t i c  o f  MBE GaAlAs grown under non -op t im u m  
c o n d i t i o n s .  N o m in a l l y  undoped GaAlAs i s  u s u a l l y  s e m i -  
insulat ing ,  e s p e c ia l ly  when grown at low temperatures (<600°C) 
due e i t h e r  to  the high r e a c t i v i t y  o f  aluminium with  oxygen 
containing spec ies  in the system ambient gas background or to 
i t s  r e la t iv e ly  low surface m ob i l i ty  which stems from i t s  high 
surface binding energy. The dip at -l.Bum from the surface is  
p robab ly  due t o  the f a c t  tha t  the C-V p r o f i l e  was s topped  at 
t h i s  p o in t  f o r  a PVS measurement and does not appear in  the
SIMS p r o f i l e .
Figures 7.3 and 7.4 snow C-V and SIMS p r o f i l e s  resp ec t ive ly  o f  
a Gao.7Alo.3As layer s t a i r c a s e  doped with selenium. The growth 
temperature  was 620°C and the As^/Ga f l u x  r a t i o  was 2 .5 :1 .  
Again,  PVS s p e c t r a  r e v e a l e d  a c o n s t a n t  A1 c o n t e n t  throughout  
the l a y e r .  The three  s e p a r a t e  doping l e v e l s  are c l e a r l y  
resolved in both f igures  with a f a c t o r  o f  two agreement between 
the e l e c t r i c a l  and e l e m e n t a l  c o n c e n t r a t i o n s .  Again the SIMS 
c o n c e n t r a t i o n s  are based io n  implanted  GaAs s tandards .  The 
measured concentrations  a l s o  agree with those predicted  from the 
doping o f  GaAs under c o n d i t i o n s  o f  no l o s s ;  c f  f i g u r e  6.10. 
Although temperatures high enough to induce Se desorption 
not used in t h i s  e xp er im en t ,  i t  seems that  se lenium has very 
S i m i la r  i n c o r p o r a t i o n  b e h a v io u r  at  moderate tem peratures  in
both GaAs and GaQ 7AIQ 3AS.
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FIGURE 7 .4 :  SIMS p r o f i l e  o f  the layer in f igure  7 .3 .
The slope o f  the selenium concentrat ion  versus em£ curve from 
the SIMS data  g i v e s  Se* x - 1 . 5 ,  a s i m i l a r  value to  th a t  f o r  Se 
in GaAs from ch ap ters  3 and 6 and n o n - in t e g e r  f o r  the reasons
described therein.
Figure 7.5 shows a SIMS p r o f i l e  through a multi layer  structure 
d e l i o e r a t e ly  doped s im u l t a n e o u s ly  with  sulphur and selenium. 
The s u r f a c e  la y e r  i s  GaAs w h i le  deeper la y e r s  c o n ta in  an 
increasing amount o f  aluminium which was intended to  range from 
■'2%-25%. The growth temperature was 640°C and the As^/Ga f lux 
r a t i o  “ 3 :1 .  The sulphur and se len ium  c e l l  emfs were 165mV and 
200mV r e s p e c t i v e l y  c o r r e s p o n d in g  to intended doping  l e v e l s  
(based on 100% i n c o r p o r a t i o n )  o f  S - S x l o l ’ cm'J in both ca ses .  
The i n t e n t i o n  was t o  i l l u s t r a t e  any d i f f e r e n c e s  in the  
incorporation  behaviour o f  sulphur and selenium as a function 
o f  aluminium content under cond i t ions  where loss  o f  both would 
be exp e c te d  from GaAs. U n fo r t u n a t e l y ,  tha Se c e l l  went short  
c i r c u i t  s h o r t l y  a f t e r  t h i s  exper im en t  and f a i l e d  to  op e ra te .  
T h is  i s  m a n i f e s t  in tn e  SIMS p r o f i l e  as a r e d u c e d  Se 
concentration against that which was expected.  The cause o f  the 
transient  in tne Se concentration at 3-4um from the surface is  
unknown but may be due to  the impending c e l l  m a l fu n c t i o n ,  
e s p e c ia l ly  as i t  appears to oe asynchronous with the changes in 
A1 c o n c e n t r a t i o n .  In the l i g h t  o f  these  two d e f i c i e n c i e s ,  the 
re s t  o f  the Se p r o f i l e  i s  p r o b a b ly  su sp e c t .  However, i t  does 
show a s l i g h t l y  increased concentrat ion  o f  Se in the f i r s t  two 
A l - c o n t a i n i n g  la y e r s  as compared with  the s u r fa c e  GaAs la yer  
from which a small loss  i s  expected from the results  in chapter
For the case o f  sulphur however, the trend is  c learer .  There is
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FIGURE 7.5: SIMS p r o f i l e  o f  a C5aj _^j^Alj^As 0.02<x<0.25 mult i layer 
simultaneously doped with sulphur and selenium.
a d e f i n i t e  in c r e a s e  o f  a p p r o x im a te ly  a f a c t o r  o f  two on go ing  
from the GaAs layer to the f i r s t  A1 containing ("2%) layer and 
the sulphur concentrat ion  increases  synchronously with the Al 
s teps  up to ~3xl0^^cm“  ^ at “ 25% Al.  This again su gges ts  the 
increasing a b i l i t y  o f  aluminium to suppress loss  o f  sulphur.
Figure 7.6 shows a C-V p r o f i l e  through the same s t r u c t u r e  and 
the trend and c a r r i e r  c o n c e n t r a t i o n s  are in broad agreement 
with the SIMS elemental  concentrat ions.
The p rec  .eding exper im en ts  i n d i c a t e  that  when sulphur a n d /o r  
se lenium are in c o r p o r a t e d  i n t o  GaAlAs, they are e f f i c i e n t l y  
a c t i v a t e d  as d o n o rs ,  produc ing  w e l l  behaved e l e c t r o l y t i c  
Schotticy j u n c t i o n s  a l l o w i n g  C-V a n a l y s i s .  The e l e c t r i c a l  and 
e lem enta l  c o n c e n t r a t i o n s  show good agreement and the SIMS 
p r o f i l e s  show l i t t l e  e v id e n c e  f o r  s e g r e g a t i o n  o r  d i f f u s i o n  
under the cond it ions  explored.  Although the case for  selenium 
is  u n c e r t a in ,  i t  i s  c l e a r  th a t  the presence  o f  aluminium in the 
GaAlAs has a s i g n i f i c a n t  s t a b i l i s i n g  e f f e c t  on t h e  
i n c o r p o r a t i o n  o f  s u l p h u r ,  s u p p r e s s i n g  r e e v a p o r a t i o n  a t  
temperatures up to 80°C higher than in GaAs.
Two further m u lt i - lay e r  structures  were grown to invest igate  in 
de ta i l  the incorporat ion  behaviour o f  sulphur in 
The f i r s t  was designed to explore  a range o f  Al concentrat ions  
(x=0.03,0.075 and 0.15) and growth temperatures  f o r  a f i x e d  
i n c i d e n t  sulphur and a r s e n i c  f l u x .  The second e x p lo r e d  Al 
c o n c e n t r a t i o n  and A s ^ / t o t a l  Group I I I  f l u x  r a t i o  at  f i x e d  
sulphur f lu x  and growth t em p era tu re .  The sulphur f l u x  used 
corresponded to an intended doping l e v e l  o f  n=2xl0^^cm The 
r e s u l t i n g  l a y e r s  were ana lysed  by SIMS (2).  The changes in  Al
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FIGURE 7.6: Electrochemical  C-V p r o f i l e  o f  the layer in f igure 
7.5.
c o n c e n t r a t i o n  were used as marlters in  the SIMS depth p r o f i l e  
fo r  the expected response in the sulphur concentrat ion.
The SIMS data  are  p resen ted  in  the form o f  raw data  with  ion  
count r a t e s  ra th er  than c o n c e n t r a t i o n s .  This i s  because  th ere  
are many e f f e c t s  which maXe the q u a n t i f i c a t i o n  o f  a b s o lu t e  
c o n c e n t r a t i o n s  d i f f i c u l t  in h e t e r o s t r u c t u r e s .  Both the ion  
emission rate and the sputter  rate are functions  o f  the matrix 
c o m p o s i t i o n s  and at the t ime o f  the measurements,  n e i t h e r  
Charles  Evans and A s s o c i a t e s  o r  Loughborough C onsu ltants  who 
per form ed  the SIMS a n a ly s e s  had a c c e s s  to  c o n c e n t r a t i o n  
standards  f o r  GaAlAs. In some i n s t a n c e s ,  GaAs standards  were 
a va i lab le  but the use o f  these would ignore the above-mentioned 
matr ix  e f f e c t s .  In o r d e r  t o  overcome the d i f f i c u l t i e s  o f  
measuring a b s o lu t e  c o n c e n t r a t i o n s  in a l l o y s  o f  d i f f e r e n t  
composit ions ,  the growth experiments were designed to  include 
b u i l t  in  r e f e r e n c e s  so th a t  com par ison  c o u ld  be made between 
the ion count  ra te  from a l l o y s  o f  the same c o m p o s i t i o n  under 
d i f f e r e n t  growth c o n d i t i o n s .  F igu res  7.7 and 7.10 i l l u s t r a t e  
the l a y e r  sequences  used.  In p r a c t i c e ,  f o r  the r e l a t i v e l y  
aluminium concentrations  used (<15% AlAs), the matrix 
seem t o  be weak and o f  the same o rd e r  as the c o n c e n t r a t i o n  
Changes due to  the in c r e a s e d  growth rate  f o r  GaAlAs over  GaAs 
when a s in g le  shuttered aluminium source is  used.
F igures  7.7 and 7.8 show the growth sequence and SIMS p r o f i l e  
o f  the substrate  temperature experiment resp ec t ive ly .  There i s  
an o v e r a l l  cu rva tu re  t o  the  sulphur depth p r o f i l e  which i s  
b e l i e v e d  to  be due to  an in s t ru m e n ta l  e f f e c t  in 
measurement ra th er  than a d i r e c t  i n d i c a t i o n  o f  a changing 
sulphur c o n c e n t r a t i o n  and may be due to  a v a r i a t i o n
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FIGURE 7.8. SIMS depth p r o f i l e  o f  the structure i l lu s t r a t e d  
f ig u re  7.7.
sulphur background s i g n a l  from the ambient gas background o f  
the unbaked SIMS system. However, i t  i s  the changes stimulated 
by th e  s t e p s  in  t h e  a lum in ium  p r o f i l e  and the  g r o w th  
temperature ,  and synchronous w ith  them, that  are o f  most 
i n t e r e s t .  At 550°C the a d d i t i o n  o f  aluminium t o  GaAs to  form 
Ga e f f e c t  on the SIMS mass 34 o r  32 sulphur
signal.  There are two p oss ib le  e f f e c t s  that might be expected,  
a change in the ra te  o f  any sulphur l o s s  and a change in the 
emission rate o f  i o n ise d  species  from the SIMS process due to 
the change in the aluminium co n te n t  o f  the Ga^.^AlxAs and the 
subsequent s p u t t e r  ra te  and matr ix  e f f e c t s .  The lack  o f  any 
oDserved change in ion  count rate  argues s t r o n g l y  f o r  both no 
change in sulphur l o s s  and no change m  SIMS y i e ld  fo r  sulphur 
32 and 34 s p e c i e s  f o r  Ga^^.^Aix*® (x<0.1o) .  The a l t e r n a t i v e
e x p la n a t io n  i s  t h a t  the change in any sulphur l o s s  rare  is  
e x a c t l y  ba lanced  by a change in tne SIMS s e n s i t i v i t y  as the 
elemental composit ion  o f  tne Ga^.^'^ixAs is cnanged.
In the GaAs region where tne remperature wa» raised
to 600°C, a sm al l  sulphur l o s s  i s  observed  at  the h igher
t e m p e r a t u r e .  T h i s  l o s s  i s  c o m p l e t e l y  s u p p r . s s e d
St laver and remains undetectablei n i t i a t i o n  o f  the Ga^g5Al^x5^^
down to the lowest  aluminium concentration o f  Ga.97Al.03hs. The
« 4-no raAs la ve r  grown b e f o r e  the l o s s  reappears  however in tne GaAs lay g
At t h i s  h igher  temperature ,  temperature  was r a i s e d  to  650 C. at:
c 4-ko becomes much more s i g n i f i c a n tthe sulphur l o s s  from the GaAs oecomes m
j  , -ho arifi it ion o f  aluminium to  form but IS again su ppressed  oy the a d d i t i o
,  -h o r o  is  s t i l l  some r e s id u a l  Ga.85h l . i 5As. This  t ime nowever there
l o s s  from the Gai^cAl^hs which becomes g r e a t e r  as x 
r e d u c e d .  Note  a g a i n  t n a t  th e  d e g r e e  o f  s u lp h u r  l o s s  i s  
id en t i ca l  f o r  the two GaAs layers grown at the same temperature
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FIGURE 7.9. Incorporated sulphur concentration in Ga^_j^Alj^As as 
a function o f  x and growth temperature.
e i t h e r  s i d e  o f  the l a y e r s .  As the temperature  i s  
ra ised  f u r t h e r  to  700°C, les^  than 10% o f  the sulphur remains 
in the GaAs. This f igure  may be smaller as the bacicground leve l  
for the SIMS machine i s  unknown. At th is  elevated temperature, 
the a d d i t i o n  o f  Al r e s u l t s  in a much s m a l l e r  but  s t i l l  
s i g n i f i c a n t  suppression o f  the sulphur loss .
These r e s u l t s  are summarised in f i g u r e  7.9 where the sulphur 
ion  c o u n t  r a t e s  have been r a t i o e d  t o  g i v e  a r e l a t i v e  
incorporation e f f i c i e n c y  which is  p lo t ted  against AlAs content 
for the d i f f e r e n t  growth temperatures. At 550°C the e f f i c i e n c y  
is independent o f  aluminium content corresponding to no loss.  
PiZ 600°C approximately 15% o f  the arr iv ing  sulphur is  l o s t  from 
GaAs and th is  is  reduced to an unmeasurable amount in the case 
o f  Ga 97AI 03^2- 650°C,  the doping e f f i c i e n c y  was o f  the 
order o f  15% for  GaAs, compared with the case at 550°C, r is ing  
ra p id ly  to  50% f o r  Ga^97Ai^Q3As and more s l o w ly  to 75% fo r  
Ga g^Al X5AS. At 700°C, the s u p p re s s io n  o f  sulphur l o s s  was 
more gradua l .  The doping e f f i c i e n c y  rose  from o f  the o rd e r  o f  
5% in GaAs t o  15% in Ga q5A1 Tnis l o s s  seems severe  but 
extrapo lat ion  suggests that the doping e f f i c i e n c y  could r i s e  to 
“ 50% f o r  the h igher  aluminium co n t e n t  o f  l a y e r s  used in many 
dev/ices such as l a s e r s  and HEMTs where Ga 7AI 3A3 i s  commonly 
used. This could be u s e fu l ly  es tab l ished  in future experiments.
F ig u r e s  7 .10 and 7 .11  show the  grown s t r u c t u r e  and the 
corresponding SIMS p r o f i l e  f o r  the invest igat ion  o f  the e f f e c t s  
of  the arsenic  overpressure on sulphur l o s s  from Ga^-x^^x^®*  ^
growth temperature o f  650°C was used, corresponding to a region 
where su lphur  l o s s  had been o b se rv e d  to take p lace  from the 
p rev iou s  exper im en t .  S t a r t i n g  from the s u b s t r a t e ,  GaAs was
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2:1
3:1
6:1
^  1 fim
GaAs substrate 
n* » 10*cm *^ (Si)
FIGURE 7 .10 .  Growth s e q u e n c e  f o r  the  s tu dy  o f  s u lp h u r  
i n c o r p o r a t i o n  in  Ga^^.j^Alj^As as a f u n c t i o n  o f  x and a r s e n ic
overpressure
FIGURE 7.11. SIMS depth p r o f i l e  o f  the structure i l lu s tra te d  
f ig u r e  7.10.
grown at 600°C under an a r s e n i c  o ve rp re ssu re
where minimal su lphur  lo s s ,  was expected .  As the su bs tra te  
temperature  i s  r a i s e d  to  650°C,  a degree  o£ su lp h u r  l o s s  i s  
observed. This i s  suppressed by the commencement o f  growth of  
the Ga g j A l . i s A s  and t o  a l e s s e r  e x t e n t  by t h e  l a y e r s  
containing l e s s  aluminium.
The o v e r a l l  behaviour i s  snown in f igure 7.12 where sulphur ion 
count ra te  i s  p l o t t e d  a g a in s t  AlAs co n te n t  f o r  the three 
a r s e n i c  o v e r p r e s s u r e s .  As in  the prev ious  e x p e r im e n t ,  the 
p ercen tage  change in sulphur i n t e n s i t y  Drought about  by the 
change in the A1 f l u x  has been used to  determ ine  a r e l a t i v e  
i n c o r p o r a t i o n  e f f i c i e n c y ,  th u s  c o m p e n s a t i n g  f o r  any 
instrumental d r i f t .  For J ^ / J „ i » 6: l ,  the sulphur l o s s  from GaAs 
i s  r a p id ly  s u p p re sse d  on go ing  t o  Ga ggAl ggAs w i th  almos 
in c r e a s e  in d op in g  e f f i c i e n c y  as the aluminium co n te n t  i s  
increased further .  For J v / G i i l ' 3 : l .  the doping e f f i c i e n c y  rises 
s l i g h t l y  more  s l o w l y  and s a t u r a t e s  a l i t t l e  l a t e r .  For 
j ^ / a , „ - 2: l  the sulphur loss  i s  suppressed much more slowly at 
low aluminium c o n t e n t s  but the doping e f f i c i e n c y  has s t i l l  
r i s e n  to  more than 80% in Ga,85*'-.15*®‘ t e s p e c t  the
G a , .^ A l ,A s  m i r r o r s  the behav iour  o f  GaAs in  t h a t  sulphur i s
incorporated with greater e f f i c i e n c y  as the growth conditions
-TXT e iir face  s t r u c t u r e s  towardsmove away from  the group H I  r i c h  su rta c
higher As^ f lu x es .
7.3t D iscuss ion .
in  Chapter 5, thermodynamic c a l c u l a t i o n s  showed that the 
in terac t ion  between the GaAs l a t t i c e  and the chalcoge
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FIGURE 7.12. Incorporated sulphur concentrat ion  in Ga .^j^Alj^As as 
a function o f  x and arsenic  overpressure.
S, Se and Te i s  s t r o n g  enough to lead  to  t h e i r  i n c o r p o r a t i o n  
rather than evaporat ion under MBE condit ions .  Thus- the reaction
1/ 2x2 (g)+Vfts = t i l
(where X i s  S, Se or  Te, (g) i n d i c a t e s  tne gas phase,  i s  an 
arsenic vacancy in the GaAs l a t t i c e ,  i s  an ionised  dopant 
atom on an a r s e n i c  s i t e  in GaAs and e i s  an e l e c t r o n  in the 
con d u ct ion  band in  GaAs) i s  w e l l  to  the r i g h t  under MBE 
c o n d i t i o n s .  Farther  c o n s i d e r a t i o n  in chapter  6 r e v e a le d  that 
competing react ions  are even more preferred thermodynamically 
but are ic inet ica l ly  hindered at low growth temperatures. As the 
growth temperature  i s  r a i s e d ,  these  r e a c t i o n s  become more 
important  and r e s u l t  in the l o s s  o f  ch a lcog en  dopant from the 
g r o w in g  s u r f a c e  in  the  form o f  the  v o l a t i l e  g a l l i u m  
chalcogenides Ga2X(g). Thus the reaction
l/2X2(g)+2Ga(l) = Ga2X(g) 121
also l i e s  well  to  the r ight  under a l l  p r a c t i c a l  MBE condit ions 
with e q u i l i b r i u m  p r e s s u r e s  P(Ga2X) o f  7atm, 4.4x10 atm and 
2 .6x l0 ” ^2atm f o r  X=S, Se and Te r e s p e c t i v e l y .  These pressures  
were ca lcu lated  f o r  an intended doping l e v e l  o f  2x l0^®cm  ^ and 
are not a cce s s ib l e  in the MBE regime, except fo r  Te where fewer 
than 1% o f  the  Te i s  p r e d i c t e d  co be i n c o r p o r a t e d .  In 
addit ion,  the equ i l ib r iu m  between the gaseous and s o l i d  forms 
of  the gallium chalcogenides  favours loss  and the react ion
4Ga(l)+Ga2X3(s) = 3Ga2X(g) [31
a ls o  l i e s  w e l l  t o  the r i g h t  with  an e q u i l i b r i u m  pressure
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P(Ga2S) o f  the order o f  2xl0” ^atm at 600°C.
The s i t u a t i o n  i s  somewhat d i f f e r e n t  f o r  the i n t e r a c t i o n  o f  
sulphur with AlAs. F i r s t ly ,  there are at least  three species o f  
gaseous aluminium su lp h id e  f o r  which thermodynamic data are 
a v a i l a b l e : -  A l S ( g ) ,  A l2S2i 9 i and A l2S (9)» A l th ou gh  the 
f o l l o w i n g  i s  d e s c r i b e d  in terms o f  A l2S(g) f o r  purposes o f  
comparison wich Ga2S(g),  the other spec ies  produce very s imilar 
e q u i l i b r i u m  p r e s s u r e s .  R e w r i t in g  equat ion  (2) f o r  aluminium 
produces
I / 2S2+AK3) = AÌ2S(g) l4l
and su bst i tu t ion  o f  standard thermochemicai data (3,4) reveals 
that f o r  a d op in g  l e v e l  o f  2x l 0^®cm“ ^, the e q u i l i b r i u m  AI2S 
o r e s s u re  i s  o f  the  o rd er  o f  8x l 0"^^atm at. 600°C r i s i n g  to 
2.3xl0"^^atm at 750°C which compares with the incident  PS2 o f  
6xl0"^^atm.  Although these  p r e s s u r e s  are many orders  o f  
magnitude lower than for  the ga ll ium chalcogenides,  they s t i l l  
p r e d i c t  a D o r d e r l i n e  doping e f f i c i e n c y  o f  the o r d e r  o f  l e s s  
than 0. 1%.
The key d i f f e r e n c e  between tne predicted  oehaviour o f  sulphur 
incorporation  in AlAs and GaAs becomes c lear  when the aluminium 
analogue o f  r e a c t i o n  (3) i s  c o n s id e r e d .  Whereas Ga2S3(s) 
(sulphur in the GaAs l a t t i c e )  i s  u n s ta b le  with r e s p e c t  to  the 
gaseous form Ga2S (g ) ,  AI2S3 (su lphur  in the AlAs l a t t i c e )  i s  
p r e d i c t e d  t o  be s t a b l e  under MBE c o n d i t i o n s  o f  pressure  and 
temperature. Hence, the react ion
4Al(s)+Al2S3(s) * 3Al2S(g) [51
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l i e s  s u b s t a n t i a l l y  t o  the l e f t  with a p r e d i c t e d  P (A l2S) l e s s  
than 1 .7 1 x l0 " ^ ® a t m  a t  600°C This  i s  much l e s s  than the 
corresponding f igure  f o r  P(Ga2S) o f  2x10 atm.
Although the values o f  the predicted pressures are not prec ise  
due to  the approx im a t ion  o f  c o n s id e r in g  AI2S2 ^or S^g, the 
uncertainty in the thermodynamic data and the simple two-term 
approximation used f o r  the free-energy ca l cu la t ion s ,  there is  a 
c l e a r  d i f f e r e n c e  in  the p r e d i c t e d  behav1our f o r  the r e l a t i v e  
s t a b i l i t i e s  o f  the g a l l i u m  and aluminium c h a l c o g e n id e s .  I t  
seems l i K e l y ,  t h e r e f o r e ,  that  the observed  d i f f e r e n c e  in the 
doping behaviour  between GaAs and Ga j _^j^Al j^As i s  s t r o n g ly  
related to these r e l a t i v e  s t a b i l i t i e s .
Therefore, although the incorporation o f  sulphur into GaAs is 
only  p o s s i b l e  due to a « t inet i c  b a r r i e r  to  the fo rm at ion  o f  
v o l a t i l e  Ga2S, the equivalent  loss  react ions  are not favoured 
f o r  the i n t e r a c t i o n  o f  sulphur with AlAs, s in c e  the A I2S 
l i x e l y  to  decompose to  AI2S2» and the behaviour  in t h i s  case  
may be e x p la in e d  from p u re ly  thermodynamic c o n s i d e r a t i o n s
without recourse to hindered icinetics.
In considering  the behaviour for  Gaj^_jjAljjA3, we may model the 
GaAs and AlAs components separately since they have l i t t l e  heat 
o f  mixing and the a c t i v i t y  c o e f f i c i e n t s  f o r  GaAs and AlAs are 
near u n i ty  (5) .  The aluminium a c t i v i t y  t h e r e f o r e  s c a l e s  as x, 
the concentrat ion o f  the AlAs component. However, the predicted 
d i f f e r e n c e  in  b e h a v i o u r  i s  s t r o n g  enough (16 o r d e r s  o f  
magnitude)  that: between 600^C and 700°C sulphur should be 
i n c o r p o r a t e d  even f o r  Ga^.j^Alj^As very  d i l u t e  in AlAs
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where the a c t i v i t y  o f  the Al i s  much reduced.
However, our data suggests that something s l igh t ly  d i f f e r e n t  i s  
happening in prac t i ce .  At low AlAs concentrations (<10%), some 
sulphur c o n t in u e s  to be l o s t .  I t  i s  assumed that  t h i s  l o s s  
o c c u r s  as Ga2S and o f  course  in the l i m i t  o f  zero  aluminium 
c o n t e n t  t h i s  i s  indeed so. High c r y s t a l  q u a l i t y  im p l ie s  
s i g n i f i c a n t  atom m o b i l i t y  in the growing su r fa ce  la y e r  and 
there w i l l  there fore  be competitio.«tor the sulphur atoms in this  
l a y e r  between the f r e e  aluminium and gall ium atoms. Although 
the r e a c t i o n  i s  h e a v i ly  in fa v o u r  o f  bonding to the aluminium 
in th e  l a t t i c e  ( l e a d i n g  t o  i n c o r p o r a t i o n ) ,  f o r  low Al 
c o n c e n t r a t i o n s  there  i s  a n ig h e r  p r o b a b i l i t y  that  a sulphur 
atom w i l l  encounter two Ga atoms with the subsequent options o f  
incorporat ion  or Icinetically hindered desorption as Ga2S in the 
same way as f o r  GaAs. Higher o v e r p r e ss u re s  o f  A34 t h e r e f o r e  
increase the sulphur doping e f f i c i e n c y  oy suppressing the loss  
r e a c t i o n  through c o n t r o l  o f  the su r fa ce  a r s e n i c  and hence 
g a l l iu m  c o n c e n t r a t i o n s .  The ba lance  between the var ious  
therm odynam ica l ly  a l low ed  r e a c t i o n  pathways i s  c r i t i c a l l y  
dependent on the d e t a i l s  o f  the s u r fa c e  K in e t i c s .  A s imple  
model ,  r e q u i r i n g  a sulphur atom to  have two Ga atom nearest  
neighbours fo r  Ga2S formation,  would predict an incorporation 
e f f i c i e n c y  p r o p o r t i o n a l  to l - ( l - x ) 2 ,  „.^.ere x i s  the AlAs mole 
f rac t ion .  This has approximately the correct  form but takes no 
account o f  surface  d i f fu s io n .  Further modelling would require a 
wider experimental database to e luc ida te  the Kinet ics  in more 
d e t a i l ,  but  the  s i t u a t i o n  f o r  c l e a r l y
intermediate between GaAs and AlAs.
For the case  o f  se lenium,  i t  was shown in chapter  6 that i t
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e xh ib i ts  an excess  o f  s t a b i l i t y  over sulphur at elevated growth 
tem peratures  when used to  dope MBE GaAs. This i s  b e l i e v e d  to  be 
due to  a k i n e t i c  b a r r i e r  t o  the form at ion  o f  Ga2Se(g) in the 
same way as f o r  sulphur.  In f a c t ,  Ga2Se2(s)  i s  p r e d i c t e d  t o  be 
less  s tab le  with respect  to  Ga2Se(g) under MBE condit ions  than 
Ga2S3(s) i s  wich respect  to  Ga2S(g) (Table 1, chapter 6) so the 
apparent enhanced s t a b i l i t y  remains largely  unexplained.
In c o n s i d e r i n g  the i n c o r p o r a t i o n  o f  Se in AlAs,  A l2Se(g)  i s  
predic ted  to  be formed, thus the reaction
2Al(s )+ l /2Se2(g )  = Al2Se(g)
l i e s  to the r ight  with PAl2Se“ 4.4xlO ^atm indicat ing a strong 
poten t ia l  f o r  Se loss  via th is  route. In addit ion ,  Al2Se3(s) is  
bare ly  s t a b l e  at  600°C growth temperature  and n=2x l 0^®cm“  ^
doping, and s i g n i f i c a n t  decomposition to v o l a t i l e  Al2Se(g) is  
expected. Thus f o r  the react ion
4Al(s)+Al2Se3(s) »  3Al2Se(g)
the e q u i l i b r i u m  p r e s s u r e  o f  A l2Se i s  p r e d i c t e d  to  be o f  the 
order o f  3x l0“ ^*atm, comparable with the incident  selenium f lux 
(PSe2=6xlO"^^atm) .  In t h i s  r e s p e c t ,  the s t a b i l i s i n g  e f f e c t  o f  
the s o l id  aluminium chalcogenides  that act  to encourage sulphur 
i n c o r p o r a t i o n  i n t o  A lAs  d o e s  not  a p pea r  t o  o p e r a t e  f o r  
se lenium. The s u c c e s s f u l ,  in c o r p o r a t i o n  o f  Se in to  GaAlAs 
a l l o y s  i s  t h e r e f o r e  p r o b a o ly  due to tne e x i s t e n c e  o f  « i n e t i c  
b a r r i e r s  to  the f o r m a t io n  o f  Ga2Se in the same way as f o r  i t s  
incorporation  in to  GaAs. The addit ion o f  aluminium to selenium- 
doped GaAs i s  there fore  predicted  to have less  o f  a s t a b i l i s in g
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e f f e c t  at e levated  growth temperatures than for sulphur doping, 
p r e l im in a r y  r e s u l t s  i n d i c a t e  that  Se may be s u c c e ^ u l l y  
in c o r p o r a t e d  i n t o  GaAlAs at  GaAs growth tem peratures  as 
i l l u s t r a t e d  in f i g u r e s  7.3 and 7.4 f o r  the se len ium doping 
s t a i r c a s e .  However, data  at h igher  temperatures  and o th er  
compositions is  l im i te d  but indicates  that incorporation may be 
l e s s  r e l i a b l e .  I t  i s  not c l e a r  whether t h i s  i s  due to  the 
ch em ica l  e f f e c t s  p r e d i c t e d  above or  the d e t e r i o r a t i o n  in the 
e lectrochemica l  selenium c e l l  which fa i l e d  while th is  was being 
invest igated.
7.4: Summary o f  Reactions and Thermodynamic P r e d i c t i o n ^
In this  se c t io n ,  the reactions considered are l i s t e d  together 
with the p r e s s u r e s  p r e d i c t e d .  The method o f  c a l c u l a t i o n  has 
been covered in the prece din^ chapters.
7.4.1: S impli fy ing Assumptions.
The condit ions assumed for  the ca l cu la t i o n s  are as fo l lows:
a) Growth temperature»600°C for  comparison with typ ica l  GaAs 
growth temperatures.
b) PX2=6xlO“ ^^atm (X-S,Se) f o r  2x10^® cm"® doping.
c) tM)-l  <M-Ga(l),Al(s)) s ince MBE growth taxes place neat the 
Group I I I  l iquidus .
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d) [M2X3 l~ i .  The doping l e v e l  o f  2x10^® cm"^ i s  assumed to be 
c l o s e  to  the s o l i d  s o l u b i l i t y  o f  the cha lcogen  dopant in GaAs
and AlAs.
These con d i t ion s  were chosen s ince  they allow the a c t i v i t i e s  o f  
the s o l i d  components to be approximated  to un ity  and in some 
r e s p e c t s  are  a c a l c u l a t i o n a l  d e v i c e  s in c e  p r a c t i c a l  growth 
under these  c o n d i t i o n s  would a lm ost  c e r t a i n l y  produce poor 
morphology m a t e r ia l .  However they do a l l o w  com parisons  to  oe 
drawn between the d i f f e r e n t  m a t e r ia l  systems.  I t  should be 
emphasised th a t  the c a l c u l a t e d  va lues  are o rder  o f  magnitude 
e s t i m a t e s  o n l y ,  r e ly in g  as they do on a s im ple  two-term 
evaluation o f  the free-energy change and part icu lar  ly on the
modelling o f  X j^,=M2X3.
7,4,2; G a l l iu m Sulphide Reactions.
1) 2Ga(l) + l/2S2(g) = Ga2S(g).... PGa2S=7atm.
2) 2Ga(l)  + 3 /2 S 2 (g )  * Ga2S3( s ) .........PS2 = 4.5xlO atm.
3) Ga2S(g) + S2(g) * Ga2S3( s ) .........pGa2S=8.5xlO atm.
4) 4Ga(l)+Ga2S3(s) * 3Ga2S(g)...PGa2S*2xlO ^atm.
7,4,3; Gallium Selenide Reactions.
5) 2Ga(l)  + l / 2S e2(g) * Ga2S e ( g ) ........PGa2Se*4. 4x10 atm.
6) 2Ga(l)  + 3/ 2Se2(g) * Ga2Se3( s ) ..... PSe2*4.6xlO atm.
7) Ga2Se(g)  + Se2(g) * Ga2Se3( s ) .........PGa2Se*2.9xlO ®atm.
8) 4Ga(l )+Ga2Se3 (s) * 3Ga2Se(g).........pGa2Se*4.1xlO atm.
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7.4.4: Aluminium Sulphide Reactions.
9) 2Al(s) + l/2S2(g) = Al2S(g)... PAl2S=8xlO“^2atm.
10) 2Al(s) + 3/2S2(g) “ AI2S3 (s )....PS2*2.4x 10 ^^atm.
11) Al2S(g) + S2(g ) “ Al2S3(s)....PAl2S*6.5xlO ^^atm.
12) 4Al(s) + Al2S3(s) » 3Al2S(g)....PAl2S=1.7xlO'^®atm.
7,4,5: Aluminium Selenide Reactions.
13) 2Al(s) + l/2Se2(g) = ... PAl 2Se«4.4xlO ^atm.
14) 2Al(s) + 3/2Se2(g> = Al2Se3(s)... PSe2-2.1xlO ^^atm.
15) Al2Se(g)+Sa2(g> » Al2Se3(s)... PAl2Se=l.lxlO"^2atm.
16) 4Al(s) + Al2Se3(3) = 3Al2Se(g)... PAl2Sa=3.IxlO-^^atm,
7.5: Conc lus ions .
An e l e c t r o c h e m i c a l  c e l l  has been used to dope Ga^.^Al^As 
s u c c e s s f u l l y  w ith  su lphur  and se len ium .  At low tem peratures ,  
<600°C, the b eh av iou r  i s  f a c i l e ,  as f o r  GaAs, Above 
temperature ,  l o s s  o f  c h a l co g e n  dopant was observed  and i s  
b e l i e v e d  to  be due to  the fo r m a t io n  o f  tne v o l a t i l e  g a l l iu m  
chalcogenides GS2S and Ga2Se which are the stable spec ies  under 
MBE c o n d i t i o n s .  S u c c e s s f u l  doping o f  GaAlAs i s  t h e r e f o r e  
o e l i e v e d  to  be due to  the e x i s t e n c e  o f  a x i n e t i c  b a r r i e r  to 
t h e i r  f o r m a t io n ,  p o s s i b l y  mediated  by the su r fa ce  g a l l iu m
population.
For sulphur doping o f  AlAs, simple thermodynamic ca l cu la t ion s  
predict  that the v o l a t i l e  aluminium sulphides are unstable with 
r e s p e c t  to  the s o l i d  form AI2S3 ( su lp h u r  in the AlAs l a t t i c e )
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under MBE c o n d i t i o n s  between 600°C and 700°C. The dopant l o s s  
route p o s t u l a t e d  f o r  sulphur doping in GaAs i s  t h e r e f o r e  not 
favoured f o r  AlAs. The e x p e r im e n ta l  o b s e r v a t i o n s  revea l  an 
enhanced s t a b i l i t y  o f  sulphur in Caj .^^^Al^As (x<0.15) where the 
loss  i s  increas ingly  suppressed at higher values o f  x. This is 
interpreted in terms o f  competit ion for  sulphur between mobile 
Ga and A1 surface atoms with the options o f  desorption as Ga2S 
or incorporat ion  in the AlAs l a t t i c e .
The c a l c u l a t i o n s  f o r  se lenium show a l e s s  c l e a r  d i f f e r e n c e  
between Se i n c o r p o r a t i o n  in GaAs and AlAs. In p a r t i c u l a r ,  
A l2Se3 i s  p r e a i c t e d  to  have a b o r d e r l i n e  s t a b i l i t y  under MBE 
c o n d i t i o n s  and the behaviour  f o r  Ga^.^Al^As may not be very 
d i f f e r e n t  to  that f o r  GaAs. However, further work is  needed in
this area.
For growth o f  Ga^.^AlxAs at  e l e v a t e d  temperatures ,  sulphur 
would appear to  be the p r e f e r r e d  cha lcogen  dopant,  w h i le  f o r  
devices  such as HEMTs (6) and waveguides (7), where GaAs growth 
t e m p e r a t u r e s  a re  mo
s u cce s s fu l ly ,  as w i l l  be descr ioed  in chapter 8.
re u s u a l  (6 ) ,  both  have  been used
in cases where the chalcogen dopants are cnosen for th e i r  non- 
amphoteric behaviour in pre ference  to  group IV dopants such as 
s i l i c o n ,  in the a n t im o n y - c o n t a in in g  I I I - V  a l l o y s  f o r  example 
(8, 9) ,  the above comments reg ard in g  the c h o i c e  o f  ch a l co g e n  
dopant f o r  a lu m in iu m -c o n t a in in g  a l l o y s  may oe p a r t '  
relevant.
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CHAPTER 8: CHALCOGEN DOPED DEVICES.
8.1; I n t r o d u c t i o n .
In the prece  d in g  c h a p t e r s ,  the in c o r p o r a t i o n  behaviour  and 
e l e c t r i c a l  c h a r a c t e r i s t i c s  o f  sulphur and selenium in bulk GaAs 
and AlGaAs MBE l a y e r s  have been d e s c r ib e d .  The main d e v i a t i o n  
from ideal  dopant behaviour for both elements in both matrices 
i s  a tendency to  reevaporation at elevated growth temperatures. 
This l o s s  may oe compensated f o r  oy in c r e a s in g  the i n c i d e n t  
dopant f l u x  d ur ing  growth.  Such r e l a t i v e l y  s t r a i g h t f o r w a r d  
behaviour, combined with the main advantages o f  e lec trochemica l  
g e n e r a t i o n  o f  the s p e c i e s  (beam p u r i ty  and rapid  re sp o n se ) ,  
makes poss ib le  the growth o f  device  structures,  part i cu lar  ly 
those with abrupt or complicated doping p r o f i l e s .  Some examples 
o f  the s u c c e s s f u l  use o f  e l e c t r o c h e m i c a l l y  generated  sulphur 
and selenium as dopants in MBE grown device structures  w i l l  be 
described  in the f o l l o w in g  sect ions .
8.2; Hyperabrupt Varactor Diode.
An a p p l i c a t i o n  which made f u l l  use o f  the speed o f  response  and 
ease o f  programabi l i ty  o f  the e lectrochemica l  sulphur c e l l  was 
the growth o f  a hyperabrupt varactor structure.  This device  has 
a p p l i c a t i o n  as a narrow band microwave tuner.  I d e a l l y  the n- 
type re g io n  sh ou ld  be graded as n*cx®, m *-3 /2 ,  where x i s  the 
d i s t a n c e  from the j u n c t i o n ,  s i n c e  t h i s  r e s u l t s  in a l i n e a r  
frequency—voltage  c h a r a c t e r i s t i c  when the diode i s  incorporated 
in a tuned c i r c u i t .  This i s  useful  in low d i s t o r t i o n  frequency
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modulators. A further b e n e f i t  o f  such a p r o f i l e  i s  that a wider 
range o f  c a p a c i t a n c e  i s  a ch ieved  b e f o r e  reverse  breakdown 
o c c u r s .  P r e v i o u s  a t t e m p t s  have u sed  v a r i a b l e  range i o n  
im p la n t a t i o n  to produce graded d op in g  p r o f i l e s  which on ly  
a p p r o x i m a t e  t o  the  power  law.  In our  c a s e ,  the s i m p l e  
re la t ion sh ip  between f lux and voltage  allowed the emf applied 
to the e l e c t r o c h e m i c a l  sulphur c e l l  to  be programmed in a 
s e r i e s  o f  c l o s e l y  spaced s t e p s  to y i e l d  the required  p r o f i l e .
In order  to optimise the e f f i c i e n c y  o f  a varactor diode, i t  i s  
necessary to minimise i t s  s e r i e s  res is tance  and hence maximise 
the Q o f  any tuned c i r c u i t  o f  which i t  may form a part .  For 
t h i s  reason  the d e v i c e  was grown on a h igh ly  doped s u b s t r a t e  
(n=2xl0^®cm” ^) with a ou f fe r  layer o f  s im i lar  doping l e v e l .  The 
growth temperature was 610°C, c o r re s p o n d in g  to  c o n d i t i o n s  o f  
some sulphur reevaporation,  and the ca l ib r a t io n  curve shown in 
f igure  6.4 was used to  determine the required emf's.
Figure 8.1 shows an e l e c t r o c h e m i c a l  C-V p r o f i l e  through the 
grown layer  where four separate regions are apparent. Starting 
from the s u r fa c e  o f  the l a y e r  we have A) a reg ion  o f  c o n s ta n t  
doping l e v e l  whose d o p i n g - t h i c k n e s s  product  i s  c a l c u l a t e d  t o  
just  dep le te  out when the r e c t i f y i n g  contact  is  formed, B) the 
hyperabrupt  doping p r o f i l e  with  exponent  - 3 / 2 ,  C) a low doped 
p la t e a u  re g io n  and D) an abrupt  change to the h ighly  doped 
b u f f e r  r e g io n  and then the n"^  s u b s t r a t e .  Figure 8.2 shows the 
s u r f a c e  C-V c h a r a c t e r i s t i c  o f  the e l e c t r o l y t i c  Schottky  
junct ion .  The successful  r e a l i s a t i o n  o f  m=-3/2 is  demonstrated 
by the s tra ight  l ine  behaviour o f  against voltage. Such a
s t r u c t u r e  would be ra th er  more d i f f i c u l t  to  achieve  with  a 
conventional  Knudsen c e l l  where t ime constants rather g
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FIGURE 8 .2 ;  C a p a c i t a n c e - v o i t a g e  c h a r a c t e r i s t i c  o f  
e l e c t r o l y t i c  SchottJcy j u n c t i o n  fo rm ed  on the v a r a c t o r  
s t r u c t u r e .  V res t  i s  the r e s t  p o t e n t i a l  c o r re sp o n d in g  to  zero  
bias and G i s  the r e s i s t i v e  component o f  the AC conductivity.
than the “ Is  c h a r a c t e r i s t i c  o f  the e l e c t r o c h e m i c a l  c e l l
perta in .
When these  l a y e r s  were f a b r i c a t e d  in t o  80um diameter  d i o d e s  
(1), the d e v i c e s  showed the required l i n e a r  behaviour in a 
tuned c i r c u i t  in the 2-18 GHz region.  S ince  the d e v i c e s  were 
r e l a t i v e l y  l a r g e ,  the a s s o c i a t e d  c a p a c i t a n c e  was “ 4pF with a 
ser ies  res is tance  o f  <lohm (dominated by spreading resistance 
in the s u b s t r a t e ) .  The ca p a c i ta n ce  r a t i o  a ch ie v e d  fo r  a lOV 
change in b ias  was 14:1.
8.3t Guided Wave Devices.
Guided wave o p t i c a l  d e v i c e s ,  and p a r t i c u l a r l y  o p t o e l e c t r o n i c
in t e g r a t e d  c i r c u i t s  (where in fo r m a t io n  may be p rocessed
o p t i c a l l y ) ,  are o f  increasing  importance as a resu lt  of the use
o f  o p t i c a l  f i b r e s  in te le com m u n ica t ion s  systems and c a b le  TV
networlcs .  D e v i c e s  su ch  as d i r e c t i o n a l  c o u p l e r s ,  phase
modulators  and am pl i tude  modulators can be made in both
sem icon du ctor  and d i e l e c t r i c  m a t e r ia l s  but a p a r t i c u l a r
a t t r a c t i o n  o f  s e m ico n d u cto r  guided wave d e v i c e s  i s  t h e i r
inherent  p o t e n t i a l  f o r  in t e g r a t i o n  with  l i g h t  sources  and
d e t e c t o r s ,  s i g n i f i c a n t l y  r e d u c i n g  t h e  p r o b l e m  o f
interconnect ion lo s se s  associated with hybrid devices .  However,
semiconductor waveguides have unti l  recent ly  had a reputation
for  high o p t i c a l  l o s s  (part icu lar  ly in comparison with t h e i r
main contender,  l i th ium niobate) ,  which has been attributed at
frpp c a r r i e r s  in  the gu id ingl e a s t  in p a r t  t o  the p re se n ce  o f
i_ a • u K a l o w  l o s s  s e m i c o n d u c t o r  m a t e r i a l  ( 2 ) .  To e s t a b l i s h  t h a t  low
- towsirds s ic t ivo
waveguides were f e a s i b l e ,  and as
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FIGURE 8.3: Semiconductor waveguide structures .  A) Low 
waveguide ,  B )  E l e c t r o c h e m i c a l  C-V p r o f i l e  through 
structure  doped with sulphur, C) Phase modulator structure.
o p t o e l e c t r o n i c  d e v i c e s  ca 
fo l lowing structures  were grown.
pab le  o f  o p t i c a l  p r o c e s s in g ,  the
Figure 8.3 shows a layer structure  f o r  a simple semiconductor 
waveguide.  The s t r u c t u r e  was des ign ed  as a precursor  to  an 
act ive  dev ice  so the lower conf in ing layer o f  Ga^^^AlQ Q4AS was 
s u lp h u r  d o p e d  w i t h  the  e l e c t r o c h e m i c a l  s u lp h u r  c e l l  t o  
5xl0^ ‘^ cm‘ ^. The gu id in g  la y e r  was nom ina l ly  undoped GaAs, 
t y p i c a l l y  IxlO^^cm
The la y e r s  were c h a r a c t e r i s e d  by f a b r i c a t i n g  r i b  waveguides 
(3). Photores is t  s t r ip e s  were defined and ion beam mil l ing  used 
to produce r ibs  -0.2-0.4um high and 2-15um wide in the top GaAs 
layer.  Loss measurements on guides up to 13.5mm long (to reduce 
the e f f e c t  o f  coupl ing l o s s e s )  were made using l.lSum radiation 
and gave propagation l o s s e s  "2dB cm This low value indicates  
that integrated o p t i c a l  c i r c u i t s  may be made in which lengths 
o f  a few mm are c h a r a c t e r i s t i c  and where device  losses may be
less  than IdB.
on the s t r e n g t h  o f  t h i s  worlc, a c t i v e  d e v i c e  layers  were 
subsequently grown where the GaAs guiding layer was capped with 
low-doped  (n-5>cl0l5cm-3)  Gao.gs'^lo.is'^®
Schottiry c o n t a c t  c o u ld  oe made. This s t r u c t u r e  enabled  an 
e l e c t r i c  f i e l d  to  be a p p l i e d  a c r o s s  the GaAs guiding la y e r  to 
Change i t s  e l e c t r o - o p t i c  c o e f f i c i e n t s  w h i l e  keeping o p t i c a l  
l o s s e s  low by m in im is in g  the o v e r l a p  between the guided mode 
and the e l e c t r o n  c o n c e n t r a t i o n s  in the c o n f in in g  la y e r s .  
However, in  the c o u r s e  o f  the p r o j e c t ,  the n - type  dopant was 
Changed to s i l i c o n  and the material  from which su cce ^ u l  phase 
modulators  and d i r e c t i o n a l  c o u p l e r s  was made were so  doped
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( 4 ,5 ) .
8,4; Laser Structures.
The t h r e s h o l d  c u r r e n t  d e n s i t y  o f  b r o a d  a r e a  d o u b l e  
h e t e r o s t r u c t u r e  l a s e r s  p r o v i d e s  a r e l a t i v e l y  c o n v e n i e n t  
•oenchmarlc f o r  th e  " q u a l i t y  o f  the  m a t e r i a l  grown by a 
part icu lar  technique (6) ,  being a sens it iva  function o f  carr ier  
l i f e t im e s ,  recombination rates and op t i ca l  l o sses .  Therefore,  
at an e a r ly  s tage  in the study o f  the growth and sulphur doping 
o f  GaAlAs, such a s t r u c t u r e  was grown as d e p i c t e d  in f i g u r e
8.4. This was however a ra t a e r  o p t i m i s t i c  o n e - s h o t  e f f o r t  at 
t h e  s t r u c t u r e  and e v i d e n c e  f r o m  o a l l - l a p p m g  and 
e lectrochemica l  C-V p r o f i l i n g  revealed that the doping leve ls  
were rather lower and the thicKnesses rather d i f f e r e n t  to those 
intended.  N o n e t h e le s s ,  broad area l a s e r s ,  f a b r i c a t e d  by 
c l e a v in g  in t o  lOOum wide oars  (7) showed t h r e s h o ld  cu rren t  
dens i t ies  in the range 4- 6KA.cm-2, „ t i i l e  a good value might be 
more l i n e  l l cA .cm -2 .  „ „ c h  o f  th e  h igh  t h r e s h o l d  may be 
a t t r i b u t e d  t o  th e  w id e  a c t i v e  r e g i o n  and p o o r  o p t i c a l  
con f inem ent  o f  the n o n - i d e a l  s t r u c t u r e  and the low doping 
l e v e l s  g i v in g  high c o n t a c t  r e s i s t a n c e s  (7).  The s u c c e s s f u l  
achievement o f  la s ing  act ion  was however most encouraging but 
in d i c a t e d  that the su lphur  doping  mecnanism was not f u l l y  
understood and deserved further study.
in another experiment, a GRINSCH (8) laser  structure was grown. 
This s t r u c t u r e  f e a t u r e s  a graded r e f r a c t i v e  index in the 
g u i d i n g  r e g i o n  t o  m o d i f y  th e  g u i d e d  mode t o  an optimum 
conf igurat ion  f o r  launching into  an o p t i ca l  f i b r e .  The grading
1p m ,p > 5 x 10  . GaAs (p=5x1(J' .^ 0-6pm)
2 -2 u m .p = 5 x 1o ” Ga Al As ( p=3x1o’ .^ 17pm) 
x = 0 - 3  "  j_x=0 22)
160 - 2 p m . n = 1 0  GaAs (n= 10 ‘ . 0-4pm)
2-2pm n=5x10^!^Ga AlAs ( n=3x1o''^ . 21pm ) 
x  =  0 - 3  1 - x  ( x = 0 2 2 )
17lum . n=10 , GaAs ( n=5xt) . 0-6urn) 
18n=10 . GaAs Substrate
FIGURE 8 .4 :  Double-Hetetostruoture laser layer sequence. The
measured values.
FIGURE 8.5:  Aluminium SIMS p 
s tructure .
r o t i l e  through a GRINSCH l a s e r
FIGURE 8.6 :  S u l p h u r  SIMS p 
s t r u c t u r e .
r o f i l e  th rou g h  GRINSCH l a s e r
i s  a ch ie v e d  by vary ing  the aluminium co n t e n t  o f  the GaAlAs 
la y e r s  as shown by the aluminium SIMS (9) p r o f i l e  in f i g u r e
8.5. The s t r u c t u r e  was grown with a view to  e x p l o r i n g  the 
f e a s i b i l i t y  o f  producing such graded layers  by MBE rather than 
with  the f a b r i c a t i o n  o f  l a s e r s  in mind but was d e l i b e r a t e l y  
doped l i k e  a l a s e r  s t r u c t u r e  n o n e th e le s s .  The sulphur SIMS 
p r o f i l e  i s  shown in f i g u r e  8.6. The intended  doping p r o f i l e s  
are c l e a r l y  reproduced. Although there is  some random noise and 
a g r a d u a l  d e c a y  on the  s u lp h u r  t r a c e  (whose  c a u s e s  are  
unknown), the change in doping l e v e l  i s  q u i t e  abrupt.  In 
p a r t i c u l a r ,  the lac<  o f  any cnange in the sulphur count ra te  
s y n c h r o n o u s  w i t h  the  t r a n s i t i o n  from GaAs t o  GaAlAs i s  
c o n s i s t e n t  with  the SIMS a n a l y s i s  o f  sulphur doped l a y e r s  in
chapter 7.
u n f o r t u n a t e ly  i t  was not  p o s s i b l e  to  f a b r i c a t e  broad area  
l a s e r s  from t h i s  m a t e r ia l  s i n c e  i t  s u f f e r e d  from a very high 
density o f  oval  and s p i t - t y p e  de fe c ts  r i o 5 c m - 2 ) .  The cause o f  
th is  was la te r  traced to  a d e fe c t iv e  gall ium c r u c ib l e ,  rather 
than be ing  symptomatic  o f  sulphur doping.  This means th a t  no 
o p t i c a l  o r  e l e c t r i c a l  data  ate  a v a i l a b l e .  This  p a r t i c u l a r  
example i s  o f  va lue  however in that  i t  i n d i c a t e s  that  sulphur 
may be in c o r p o r a t e d  i n t o  a r e l a t i v e l y  complex s t r u c t u r e  
i n v o l v i n g  vary ing  A1 c o n t e n t  and h e t e r o j u n c t i o n s  in a s im p le
manner.
8,5; Low Dimensional Structure^
, « ; , i . ,*r ia ls  have been deve loped  whichR e c e n t ly ,  a new c l a s s  o f  m ater ia
c and © l e c t r o n i c
a l l o w  a c c e s s  to  a whole  range o P
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propert ies  prev iously  unexplored. These are the super la tt i ces  
or quantum -w el ls  which are h e t e r o s t r u c t u r e s  with  band-gap 
d i s c o n t i n u i t i e s  so c l o s e l y  spaced  that  the bullc o p t i c a l  and 
t r a n s p o r t  p r o p e r t i e s  are s t r o n g l y  m od i f ied .  When the la yer  
thicknesses are reduced to below about 500A, and the e lectrons  
are c o n f in e d  in p o t e n t i a l  w e l l s  whose width i s  comparable to  
t h e i r  de B r o g l i e  wavelength ,  new quantum-mechanical  s t a t e s  
appear. The "bandgap-engineering" f a c i l i t a t e d  by th is  process 
has produced many new d e v i c e  d e s ig n s  with novel  and enhanced
p r o p e r t i e s  (10).
The high e le c t r o n  mobi l i ty  t r a n s i s t o r  (HEMT) (11) is  one o f  the 
s implest  dev ices  to  ta*e advantage o f  low-dimensional e f f e c t s .  
Figure 8.7 shows the p h y s i c a l  s t r u c t u r e  and r e s u l t i n g  band 
diagram f o r  such a d e v i c e  in GaAs/GaAlAs. The band-edge 
d is con t in u i ty  produces a potent ia l  well  which dips  down below 
the Fermi l e v e l  gen era t in g  an e s s e n t i a l l y  tw o -d im e n s io n a l  
e l e c t r o n  gas .  The e l e c t r o n s ,  generated  by the donor  impurity  
atoms in the GaAlAs, are c o n f in e d  in the w e l l  and t r a v e l  f r e e l y  
p a r a l l e l  t o  the in ter face .  The undoped GaAlAs layer  acts as an 
i n s u l a t i n g  spacer  to  p rov ide  c o u lo m b ic  s c re e n in g  o f  the 
c a r r i e r s  from the donor s c a t t e r i n g  c e n t r e s .  S ince  the GaAs i s  
unaoped and the ca r r ie r s  are separated from the ir  donor atoms, 
the i o n i s e d  im pur i ty  atom s c a t t e r i n g  i s  suppressed  and the 
e lec trons  t rave l  with high m o b i l i ty .  By appropriate choice o f
doping, th is  enhanced mobil ity  may be combined with high sheet
fa«5i- low resistance  devices,  ca r r i e r  concentrations to y »
The m o b i l i t y  may be f u r t h e r  i n c r e a s e d  by r e d u c i n g  the  
temperature and freez ing  out the phonon scattering processes.
Apart from the p r a c t i c a l  a p p l i c a t i o n s in the area
o f  f a s t
A )
n - G a A s  
c a p p i n g  l a y e r
B) d t p i t t i o nla y t r  e le c tr o n
- ,  la y e r
io n iz e d  d o n o r  
i m p u r i ti e t
te rm i
level
FIGURE 8.7;  Layer sequence 
s tructure .
(A) and band diagram (B) f o r  a HEMT
d e v i c e s ,  the fundamental  p h y s i c s  o f  t r a n s p o r t  p r o p e r t i e s  in 
two-dimensional e l e c t r o n  gases prov ides  a wealth o f  in teres t ing  
phenomena, p a r t i c u la r  ly  at low temperature andi.high magnetic 
f i e l d s ,  in high m o b i l i ty  samples, with long scatter ing  t imes, 
e l e c t r o n s  are  a b le  to  p er fo rm  com p le te  o r b i t s  in a magnet ic  
f i e l d  be fore  being sca t tered .  Such motion modi f ies  the e le c t ro n  
d e n s i t y  o f  s t a t e s  g i v i n g  r i s e  to  Landau l e v e l s .  S ince  the 
e l e c t r o n  t r a n s p o r t  p r o p e r t i e s  are l a r g e l y  determined by the 
density o f  s t a t e s ,  the Landau leve ls  modify the r e s i s t i v i t y  o f  
the m a t e r i a l .  C r u c i a l l y ,  the Hall  r e s i s t i v i t y  i s  qu an t ised  in 
units o f  h/e^ independent o f  sample s i re .  This provides a route 
to the s tandard  ohm e x p r e s s i b l e  in terms o f  fundamental 
c o n s ta n ts  o n ly .  I t  seems to  be the case  that  the best  samples 
f o r  s tu d y in g  t h i s  Quantum Hall  E f f e c t  (QHE) are th ose  that  
p ossess  o n ly  m o d e ra te ly  enhanced m o b i l i t i e s  and s i g n i f i c a n t  
i n t e r f a c i a l  d i s o r d e r .  In sam p les  w i t h  t h e  very  h i g h e s t  
m o b i l i t i e s ,  p u r i t y  and c r y s t a l l i n i t y ,  c o o p e r a t i v e  e l e c t r o n  
e f f e c t s  dominate and conduction is  via apparently f r a c t i o n a l ly  
charged p a r t i c l e s  (12) .  The e xp e r im e n ta l  measurement and 
th e o re t i c a l  d e s c r ip t i o n  o f  these e f f e c t s  and the explanation o f  
the r o l e  o f  d i s o r d e r  and i m p u r i t i e s  i s  c u r r e n t l y  an area o f  
vigorous a c t i v i t y  in s o l i d  state  physics.
Figure 8.8 shows a SIMS p r o f i l e  (9) through a HEMT s t r u c t u r e  
doped w ith  se len iu m .  The A1 and Se t r a c e s  have comparably  
abrupt p r o f i l e s  and com par ison  o f  the h a l f - h e i g h t  p o i n t s  
reveals an undoped spacer layer thickness o f  85A which compares 
with  the in tended  va lue  o f  87.5A. Although the reason f o r  the 
s l o p in g  o f  the Se p r o f i l e  in the doped GaAlAs r e g io n  i s  
unknown, the required s tructure  i s  rea l ised .
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FIGURE 8 .8 :  SIMS p r o  
structure .
f i l e  th ro u g h  a s e l e n i u m - d o p e d  HEMT
Figure 8.9 shows the e lectron  m ob i l i ty  versus temperature fo r  a 
number o f  sulphur and selenium doped HEMTs grown with d i f f e r e n t  
undoped spacer la ye r  thicknesses. Also shown are the resu lts  o f  
Stormer e t  a l  (19) who used s i l i c o n  as the dopant. The i n i t i a l  
r i s e  as t em p era tu re  i s  reduced i s  due to  the su p p re ss io n  o f  
phonon sca t te r in g .  For 3-D samples at low temperatures, where 
phonon s c a t t e r i n g  i s  r e d u c e d ,  one would  e x p e c t  a 
dependence c h a r a c t e r i s t i c  of  ionised impurity sca t ter ing .  Since 
the ion ised  im p u r i t ie s  and the e lec trons  are separated in the 
HEMT s t r u c t u r e ,  the  suppress ion  o f  t h i s  dependence and the 
e x i s t e n c e  o f  a p l a t e a u  in m o b i l i t y  are c h a r a c t e r i s t i c  o f  2-D 
structures .  The higher m o b i l i t i e s  at the la rgest  spacer layer 
thicknesses  are due to the enhancement o f  th is  separation (19). 
Figure 8.10 i l l u s t r a t e s  this  d i f f e r e n t  behaviour o f  mobi l i ty  as 
a funct ion o f  temperature in 3-D and 2-D systems (21).
several  modulation sulphur doped GaAs-GaAlAs heterostructures  
have been grown and su pp l ied  to  va r iou s  e s t a b l i s h m e n t s  f o r  
studies o f  2-D e f f e c t s  (13). One part icu lar  sample MB397, whose 
structure was shown in f igure 8.7, has been sub jec t  to  deta i led  
examination at the Cavendish Laboratory, Cambridge, along with 
s im i la r  s i l i c o n  doped structures  grown in the same system (14-
17). For exam ple ,  the Quantum Hall  E f f e c t  i s  i l l u s t r a t e d  
f i g u r e  8.11 f o r  a gated  Hall  bar sample o f  MB397 (14) .  The 
quantisation o f  the Hall r e s i s t i v i t y  is  c l e a r ly  apparent in the 
n e a r l y  s t e p - l i k e  t r a n s i t i o n  f rom p l a t e a u  t o  p l a t e a u .
s. V  Vs froauencv  re v e a l s  the s u p p re s s io n  o f  the Measurement a t  h igh  frequ y
a r;4nce o f  f r a c t i o n a l l yi n t e g r a l  q u a n t i s a t i o n  and the app
quantised s t a t e s ,  c h a r a c t e r i s t i c  o f  mutual in te ra c t i o n  between 
e lec t rons .  S i l i con -d op ed  samples show s imilar  behaviour (15). 
Further samples  o f  t h i s  m a t e r ia l  have been proc
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FIGURE 8.9: Electron mobility vs. temperature for a series of
HEMTs with d i f f e r e n t  undoped spacer  l a y e r  thic icne^ses .  S o l id  
l ines  from re ference  (19), + data.
FIGORE 8.10: Comparison o f  the behaviour o f  e le c t ron  mob' y 
as a funct ion  o f  temperature f o r  2-D and 3-D samples. ^
FIGURE 8.11:  The Quantum 
Hall  r e s i s t i v i t y  i s  p l o t t e d  a g a in s t  mag
re fe ren ce  (14) .
Hal l  E f f e c t  in a sulphur doped HEMT.
n e t i c  f i e l d .  From
e l e c t r o n  beam lithography to produce HEMT FETs where the dev ice  
s i ze  i s  reduced in two dimensions (16,17,18).  Figure 8.12 shows 
a m i c r o g r a p h  o f  a HEMT-FET w i t h  a 50nm g a t e  s t r i p e .  
M ea su rem en ts  on t h i s  d e v i c e  have  r e v e a l e d  b e h a v i o u r  
c h a r a c t e r i s t i c  o f  1-dimensional  conduction (16,17).
8.6; P os ts c r ip t  on DX centres.
In c h a p t e r l ,  we commented on the p o s s i b i l i t y  o f  reduc ing  the 
e f f e c t  o f  the DX c e n t r e  in AlGaAs by the use o f  c h a l co g e n  
dopants  to  g e t t e r  a r s e n i c  v a c a n c i e s .  Fundamental s t u d i e s  o f  
transport  p rooer t ie s ,  such as those o u t l in ed  above, have f a i l e d  
to  r e v e a l  any s u b s t a n t i a l  d i f f é r e n c i e s  between s i l i c o n  or  
c h a l c o g e n  doped m a t e r i a l  grown under s i m i l a r  c o n d i t i o n s .  In 
p a r t i c u l a r ,  the degree  o f  c a r r i e r  f r e e z e - o u t  and p e r s i s t e n t  
photoconductiv ity  i s  s im i la r  for  both sulphur and s i l i c o n  doped 
HEMTs as depicted in Table 8.1 (21).
This Dehaviour is  c o n s i s te n t  with more recent theories  on the 
nature o f  DX centres in the l i g h t  o f  i t s  constancy o f  Dehaviour 
across  MBE, LPE and MOVPE-grown AlGaAs doped with Te,Se,Si,Sn 
or  S (22) ,  e s p e c i a l l y  so s i n c e  the o b s e r v a t i o n  o f  p e r s i s t e n t  
p h o t o c o n d u c t i v i t y  and the DX c e n t r e  in  GaAs and AlGaAs under 
hydrosta t ic  pressure (23,24).
Current models o f  the DX centre are expressed mostly in terms 
o f  the in teract ion  between s u b s t i tu t io n a l  donors and the mult i ­
v a l l e y  co n d u ct io n  band s t r u c t u r e  o f  GaAs and AlGaAs, ra ther  
than by invoicing donor vacancy complexes ( 23-27).
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Electron Concentration 
(cm"^)
Electron
(cm^v'^s'
Mobil ity
-1)
Temp. Dark Light Dark Light
MB397(S) lOK 1.9x10^^ 2.2x10^^ 1.3x10^ 1.8x10^
300K 4x10^^ 4.5x10^^ 6000 6000
MB458(Si) lOK 4.2x10^^ 5.6x10^^ 1.6x10^ 1.8x10^
300K 7.5x10^^ 7.5x10^^ 5800 5800
The enhanced c a r r i e r  concentrat ion  and mobil ity  under 
i l lumination pers is ted  in both samples for  approximately 2.5 
hours.
TABLE 8.1:  Comparison o f  p e r s i s t e n t  photoconductiv ity  in
sulphur and s i l i c o n  doped HBMT structures .
8.7; C o n c lu s i o a s .
In t h i s  ch a p te r  we have shown t h a t ,  d e s p i t e  the n o n - id e a l  
i n c o r p o r a t i o n  b e h a v i o u r  o f  S and Se a t  e l e v a t e d  g ro w th  
t e m p e ra tu re s ,  a wide range o f  GaAs/GaAlAs s t r u c t u r e s  may be 
grown s u cce s s fu l ly  S and Se doped with propert ies  comparable to 
those convent ional ly  Si-doped.  In several  instances, enhanced 
performance (varactor and l o w - lo s s  waveguide) and new phenomena 
(HEMTs) have been observed.
In the next  c h a p t e r ,  we draw some g e n e ra l  c o n c l u s i o n s  about 
c h a l c o g e n  doping in MBE and su g g e s t  some areas f o r  fu r th e r
work.
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CHAPTER 9: COHCLOSIOHS AND SUGGESTIONS FOR FURTHER MORE.
9 ,1 ;  Conclusions and Suggestions.
High p u r i t y  and ch a l co g e n -d o p e d  GaAs has been grown in a 
d i f f u s i o n - p u m p e d  MBE s y s t e m  and has m o b i l i t y  and 
p h o t o lu m in e s ce n ce  p r o p e r t i e s  comparable  with  th o s e  from S i -  
doped GaAs grown in ion-pumped systems.  The lacic o f  any 
d e le te r io u s  e f f e c t s  a t tr ibutable  to  the use o f  d i f f u s i o n  pumps 
confirms t h e i r  value in MBE systems, e s p e c ia l l y  in those cases 
where high gas loads have to be handled (e.g. in gas source MBE 
where arsine and phosphine are used).
E a r l i e r  c a l c u l a t i o n s  i n d i c a t i n g  that  S and Te should  be 
incorporated into  GaAs under MBE condit ions  have been extended 
to include Se with s imilar  conclusions .  The c a l c u la t i o n s  have 
been f u r t n e r  extended  to in c lu d e  S, Se and Te in  inP and the 
p red ic t ion s  fo r  th is  system discussed in conjunction  with the 
l im ited  experimental  MBE data ava i lab le .
E l e c t r o c h e m i c a l  sulphur and se len ium  Knudsen c e l l  have been 
demonstrated as v e r s a t i l e  and highly c o n t r o l la b l e  sources o f  
n-type dopant f o r  MBE growth o f  GaAs and GaAlAs a l l o y s .  At low 
growth temperatures,  S and Se incorporate  into  both matrices in 
a s im ple  manner with  no e v id e n c e  f o r  anomalous d i f f u s i o n ,  
s e g r e g a t i o n  or  e l e c t r i c a l  a c t i v a t i o n  p r o p e r t i e s .  At higher 
growth te m p e ra tu re s  (>590°C f o r  S and >620°C f o r  Se) some 
r e e v a p o r a t i o n  o f  the dopant i s  observed  during  growth and i s  
a t t r i b u t e d  t o  the  fo rm at ion  o f  v o l a t i l e  Ga2S and Ga2Se. This 
loss  may be overcome however by increasing the inc ident  S or Se 
f l u x  or  by i n c r e a s i n g  the a r s e n i c  o v e r p r e s s u r e .  The behaviour
^ S e «
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has been modelled  s u c c e s s f u l l y  in terms o f  the c o m p e t i t i o n  
between two react ions.
1) The r e a c t i o n  o f  S o r  Se with  a r s e n i c  v a c a n c i e s  to  g iv e  
incorporation  o f  the chalcogen onto the arsenic  su b la t t i c e  as a 
donor in the normal way. This  r e a c t i o n  i s  known to  proceed  
unhindered at low growth temperatures.
2) The foftiation o f  the v o l a t i l e  gallium chalcogenides Ga2S and 
Ga2S e ) t h e  K in e t i c s  o f  which r e a c t i o n  are mediated  by the 
sto ichiometry o f  the growing GaAs surface.
A thermodynamic frameworK has been d e s c r i b e d  in which the 
e q u i l i b r ia  between the MBE spec ies  and the s o l i d  and gaseous Ga 
chalcogenides are ca l cu la ted .  These ca l cu la t i o n s  p red ic t  that 
the v o l a t i l e  s p e c i e s  Ga2S and Ga2Se should  form under any 
p r a c t i c a l  MBE growth c o n d i t i o n s  so the s u c c e s s f u l  doping o f  
GaAs with  S and Se must oe due t o  a k i n e t i c  b a r r i e r  to  t h e i r  
formation.
Similar  ca lcu lat ions  f o r  the aluminium sulphides suggest that 
they should  nave much l o w e r  equil ibnwm  ^ vapour p re s su re s  
under MBE c o n d i t i o n s  so l o s s  o f  sulphur from GaAlAs a l l o y s  i s  
s t i l l  b e l i e v e d  to  o c c u r  v ia  the f o rm a t io n  o f  Ga2S, a l b e i t  
p r o g r e s s i v e l y  reduced  by the d i l u t i o n  o f  s u r f a c e  Ga atoms by 
the presence o f  increas ing  Al concentrations in these a l loys .
The ca lcu la t ion  for  the aluminium selenides  predicts borderl ine  
pressures comparable with the incident  Se pressures.  Depending 
on whether their  formation i s  k in e t i c a l l y  hindered or  not,  the 
doping e f f i c i e n c y  o f  GaAlAs with Se may be lower than f o r  S at 
high temperatures .  The e x p e r im e n t a l  p o s i t i o n  i s  p r e s e n t ly  
u n c le a r  in  t h i s  h igh  tem perature  regime f o r  Se and would
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ben e f i t  from further work.
The d o p i n g  s t u d y  p r e s e n t e d  h e r e  has r e l i e d  h e a v i l y  on 
e lec t rochem ica l  C-V and SIMS measurements on grown layers .  As 
such th e y  o n l y  g i v e  i n d i r e c t  i n f o m a t i o n  on the  d o p in g  
chemistry.  This i s  a consequence o f  performing the experiments 
in a product ion-or iented  MBE system. More deta i led  information 
on the Kinet ics  o f  the processes  governing dopant incorporation 
during growth might be o b t a i n e d  from a modulated beam mass 
s p e c t r o m e t r y  study in the manner o f  Joyce  e t  a l  (1).  Although 
the impinging and reevaporating dopant fluxes are much smaller 
than the matrix element f luxes  they studied,  refinement o f  the 
t e c h n i q u e  m ig h t  a l l o w  d i r e c t  i d e n t i f i c a t i o n  o f  the 
reevaporating species  as Ga2S or  Ga2Se.
In p r a c t i c a l  terms, for  GaAs selenium i s  probably the preferred  
c h a l c o g e n  d o p a n t  due to  th e  h i g h e r  growth t e m p e r a t u r e  
achievable be fore  the onset o f  reevaporation.  Sulphur i s  l ik e ly  
to be more p r o f i t a b ly  applied to  GaAs/GaAlAs heterostructures ,  
e s p e c ia l l y  HEMTs where GaAs growth temperatures may be used. In 
t h i s  case  i t  i s  l i k e l y  t h a t  the upper l i m i t  f o r  e l e c t r o n  
c o n c e n t r a t i o n  us ing Si doping c o u ld  be exceeded by the use o f  
sulphur w i th  b e n e f i c i a l  r e s u l t s  f o r  power d e v i c e s  and f a s t
HEMTs (2).
There are o t h e r  m a te r ia l  sys tem s  to  which e l e c t r o c h e m i c a l  
g e n e r a t i o n  o f  ch a lco g e n  dopants  might  be p r o f i t a b l y  a p p l i e d .  
Sulphur and selenium have high s o l i d  s o lu b i l i t y  in InP and both 
enable high c a r r i e r  concentrat ions  to be achieved OlO cm ). 
Apart from the e l e c t r i c a l  p r o p e r t i e s ,  the b e n e f i t s  o f  these  
high concentrat ions  in pinning d i s l o c a t i o n s  in bulk inP growth
118
are  w e l l  Icnown (3 ) .  Successful  i n t e n t i o n a l  (and u n i n t e n t i o n a l )  
sulphur dop ing  o f  InP has been a ch ieved  in MBE (4) using an 
e le c t roch em ica l  source and morphological improvements have been 
observed in highly S-doped layers.
Sulphur and selenium have a lso  been used successfully as donors 
in GalnAs and AlInAs l a y e r s  grown l a t t i c e  matched to  inP (5 ) ,  
a l t h o u g n  th e  n a rrow  ra n ge  o f  t e m p e r a t u r e s  and a r s e n i c  
overpressures  in which these materials  have good e l e c t r i c a l  and 
o p t i c a l  p r o p e r t i e s  maKe i t  d i f f i c u l t  t o  p e r f o r m  d o p in g  
ch e m is t r y  s t u d i e s  in the  same way as f o r  GaAs. However, the 
successful doping o f  these materials  with S and Se is  cons is tent  
with the p re d ic t io n s  from the GaAs and InP materials  systems.
The ant im onide  a l l o y  system however i s  a prime can d idate  f o r  
the a p p l i c a t i o n  o f  e l e c t r o c h e m i c a l  c h a l c o g e n  g e n e r a t i o n  o f  
d o n o r s  in  MBE. S i l i c o n  i s  d e c i d e d l y  a m p h o t e r i c  in  GaSb 
producing p - type ,  c l o s e l y  compensated material .  This property 
a lso  p e r s i s t s  in GaAsSb a l l o y s  with less  than 80% GaSb. Similar 
d i f f i c u l t i e s  e x i s t  with Al -contain ing antimonides (6). Selenium 
incorporat ion  and n-type doping has been achieved by the use o f  
PbSe compound s o u r c e s ,  but the i n c o r p o r a t i o n  i s  c o m p l i c a t e d  
both by dopant l o s s  (presumably  as Ga2Se) and the i n t e r a c t i o n  
with  Pb (7 ) .  Although i t  would be v a lu a b le  to  study a l l  the 
chalcogens in th i s  system with e lectrochem ica l  generation,  the 
worlc p re s e n te d  in t h i s  t h e s i s  would su gges t  th a t ,  in  A l -  
containing a l l o y s  at  l e a s t ,  sulphur may be the most useful .
It seems lilcely however that silicon will continue to be used 
as the main n-type dopant for GaAs/GaAlAs structures. The 
disadvantages outlined in chapter 1 have largely been overcome
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or sidestepped.  Sulphur or selenium are only l i k e l y  to be used 
w h e r e  t h e i r  s p e c i f i c  p r o p e r t i e s  ( e . g .  h i g h  c a r r i e r  
c o n c e n t r a t i o n s  or  n on -a m p h oter i c  behaviour)  are req u ired  or 
where the b e n e f i t s  o f  e l e c t r o c h e m i c a l  g e n e r a t i o n  are  sought 
(e .g .  in  the hyperabrupt  v a r a c t o r  o f  chapter  8 ) .  Where such 
needs a r i s e  however,  t h i s  study prov ides  the b a s i s  f o r  such 
u se .  S i m i l a r  . l y ,  where  S o r  Se m ight  be a p p l i e d  in  new 
m a t e r i a l s  s y s t e m s ,  in  the a n t i m o n i d e s  f o r  e x a m p l e ,  the 
foundation fo r  further experimental  and th e o re t i ca l  studies  has
been la id .
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The contribution of SIMS to the characterization 
of lll-V semiconductor layers grown by 
molecular beam epitaxy
G O T  Spiller and D A Andrews. British Telecom Reseerch Laboratories. Martlesham Heath.
Ipswich IPS 7RE. UK
Secondary ion mass spectrometry (SIMS) is widely used in the analysis o f semiconductor layers and devices, 
such as those fabricated by molecular beam epitaxy (MBE). The need for controllably-doped, high purity, single 
crystal layers w ith  thicknesses from over a pm down to a few atomic layers, places considerable dernands on the 
growth technique and on the assessment methods used to characterize the layers. This paper describes ^ow  
SIMS is being used for trace level profiling o f dopants and impurities and for matrix element profiling in M B t 
layers. The profiling o f very thin layered (multi-quantum well) structures is also considered.
1. iMroAKtioo
Secondary ion mass spectrometry (SIMS), with the ability to 
detect many elements at concentrations between 1 part in 10* and 
10’  in thin layers (less than 0.1 pm thick), finds many applications 
in the characterization o f semiconductor layers and devices. The 
high depth resolution (less than a few nanometres under ideal 
conditions) makes SIMS well suited to the assessment of multi­
layer structures, which may contain a number of different 
matrices.
The recent demands for microwave and opto-electronk devices 
with progressively thinner, planar, epiuxial layers with extremely 
abrupt compositional and doping profiles, has stimulated the 
development o f  advanced crystal growth techniques, such as 
molecular beam epitaxy (M BE)‘ . Devices including photodetec­
tors, lasers and field effect transistors (FETs)* have been 
fabricated from InP and ternary and quaternary materials such as 
GalnAs and GalnAsP in the technologically-imporunt long 
wavelength range 1.3-1.6 pm^ Structures such as multi-quantum 
wells (M Q W s)‘ and high electron mobility transistors (HEMTs) 
with individual layer thicknesses o f less than 5 nm have also been 
grown by MBE.
This paper highlighu a number o f ways in which SIMS has 
contributed to the characterization o f epitaxial layers (epilayers) 
grown by MBE. The high sensitivity o f  SIMS makes it ideally 
suited to the profiling o f deliberately-introduced n- and p-type 
dopants, incorporated to u ilor  the device properties, at concen­
trations o f  less than I X 10*‘  cm '  * to greater than I x 10‘ * cm 
The ability to identify unintentional impurities at similar 
concentrations is also an important quality. Electrochemical 
profiling’  is used routinely to measure the net carrier concentra­
tion in the epilayers and this usually gives the first indication if an 
electrically-active impurity (dopant or trap) is present, or if the 
dopant has not been incorporated as expected. SIMS can then be 
used to identify the impurity (independent o f  its electrical 
behaviour), or produce the depth o f distribution o f  the dopant. A
valuable approach in identifying impurities is the growth of test 
structures designed to yield the maximum information from the 
SIMS analysis o f a single specimen.
The problems involved in profiling structures with very thin 
layers (less than 10 nm) are also considered; the atomic mixing 
which results from the sputtering process in SIMS’  makes the 
analysis of these structures difficult. High resolution techniques 
such as transmission electron microscopy are, however, already 
making a substantui impact in this area’
2. Experimetal
2.1. SIMS In the analysis o f  semiconductor mater­
ials it is important to obtain the lowest detection limiu for 
etemenu which are ekctrically-active as n- or p-type dopants, 
while retaining the depth resolution required to analyse multi­
layer specimens. Practical detection limits depend on many 
factors, o f which the choice o f  primary ion beam and the presence 
o f mass interferences and instrumental background signals are the 
most important.
Reactive primary ions, such as caesium and oxygen, are 
commonly used to enhance secondary ion yields, thereby 
improving deteaion limits’ . For many n-type dopants in III-V 
materials, such as Si. S. Se. and Te and common impurities such as 
C  and O, the lowest detection limit is obtained with caesium 
primary ions (detecting negative secondary ions): detection limits 
with argon or oxygen may be higher by orders o f magnitude. 
Oxygen profiling is used to enhance the positive ion yield of 
elements such as Be. Fe and Al.
Molecular ions, often formed from a combination o f matrix and 
residual gas atoms, can interfere with the detection o f elemental 
ions at the same integral mass. Although these ‘mass interferences 
can be discriminated against by energy filtering or by high mass 
resolution*, the detection limit o f elements will be affected and 
impurity signab may be wrongly assigned. The unambiguous
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identification o f  impunties and profiling o f dopants is helped if 
more than one isotope can be profiled; the signals should be 
present in the correct isotopic ratio if there are no mass 
interferences. This does no guarantee, however, that the signal 
arises from the specimen and is not an instrumental background: 
while background signals from the vacuum such as C  and O  are 
expected, others such as sulphur can also occur. In some cases, it is 
also useful to compare with a sample known to contain a low 
concentration o f  the element o f interest.
2 2. SIMS analyses. The SIMS analyses reponed here were 
carried out in a Cameca IMS 3F* equipped with caesium and 
oxygen ion sources. Primary energies between S-IS keV were 
used in most cases, although energies down to l.S keV were used 
in the profiling o f multi-quantum well structures (see section 4). 
Typical primary beam currents were I pA for and 0.1 /lA for 
Cs*. giving sputter rates o f several /im h ' Rastered areas were 
250 or 500 pm  square, with an area between 35 and 150 /im square 
being analysed. Detection limits routinely achieved were 1-5 x 
10'* cm ' * for Si. S and Be. 1-10 x 10“  cm '  * for C and O. and 
less than I x 10'* cm '  * for Se and Te. Energy filtering was not 
used in the examples given here (matrices GaAs. GalnAs and 
GaAIAs). The problem o f mass interferences in III-V materials is 
more severe in the analysis o f InP. due to the presence o f  the 
intense low mass P ' ion.
Concentration scales were derived by comparison with ion 
implanted reference specimens. For convenience, these were not 
usually run at the same time as the unknown specimen and care 
was needed to ensure that experimental conditions were 
reproduced'". The concentrations are expected to be accurate to 
better that ± 5 0 % . considering both experimental errors and 
possible dose inaccuracies in the implanted reference materials. 
Depth scales were usually derived from a surface profilometer 
(‘Dektak'l measurement o f the analysis crater.
1 3 . MBE growth. Molecular beam epitaxy' is. in essence, a 
vacuum evaporation process but with two main differenoes: the 
vacuum is ultra-high (pressures <  10 ' '*  torr) and the product o f  
the evaporation is single crystal. Molecular beams, generated 
from thermal Knudsen evaporation sources, interact on a heated 
crystalline substrate to produce epitaxial layers. Each source 
contains either a dopant or one o f the elements that comprise the 
compound to be grown. As the process name implies, the 
transport o f  material from the sources across the vacuum to the 
substrate takes place under conditions o f  molecular flow. The 
interposition o f  a simple line-of-sight mechanical shutter between 
each source and the substrate interrupts the beam and allows 
different layer compositions to be achieved by switching between 
sources. Shutter operating times are significantly shorter than the 
monolayer deposition time ( '» Is )  resulting in potentially ex­
tremely sharp interfaces.
The layers described in this work were grown in a VG Semicon 
Ltd V80H or MB288 machine. Both are standard commercial 
instruments and are used routinely in this laboratory for the 
growth o f  device-quality layers in both G aAs and InP-based 
material systems. The layers were grown using well-esublished 
substrate preparation techniques and growth conditions". Typi­
cal growth temperatures were 500-680‘’C  depending on  the 
material.
3.1. Dapaat prnfillng. One o f the advanuges o f growing epilayers 
over using bulk substrates is that the required dopants (n- or p- 
type) can be incorporated into the layen during growth. In order 
that the concentration o f dopants may be controlled, it is 
necessary to calibrate the sources. For example. Se doping in 
MBE may be accomplished using an electrochemical cell'*' in 
which the flux depends on the applied potential. Figure 1(a) shows 
a Se 'doping staircase' in GaAs. for six different cell voltages. Two 
different Se isotopes (m e ^  78 and 80) were used to ensure the 
unambiguous identification of the dopant (each profile has been 
corrected for the isotopic abundance). By comparing the Se 
concentration measured using SIMS with the cell voltage, a 
calibration curve (Figure 1(b)) may be obtained.
A potential problem in any crystal growth technique involving 
high growth temperatures (necessary to ensure good crystalline 
quality) is diffusion o f dopants during growth. Figure 2 shows a 
depth profile through a GalnAs FET structure. Two highly p-type 
(Be-doped. ' - 5 x  10“  cm '* )  layers are grown with an n-type 
(Si-doped, ^ 1 0 '‘ cm '* l  layer in between. The SIMS depth 
profile shows that a small amount o f Be has diffused into the n- 
channel from the lower layer, resulting in electrical compensation 
o f the Si dopant, a problem that may be solved by a correct choice 
o f growth conditions. The lack o f Be diffusion from the top Be- 
doped layer is probably due to the shorter time at the growth 
temperature, compared with the lower layer.
3 J .  Impurity idcutification. The ability to grow epilayers o f high 
intrinsic purity, containing less than 0.1 ppm ( < 5 x l 0 '* c m  *)of 
electrically-active impurities, is an essential quality o f any crystal 
growth technique. However, impurities can arise either from the 
equipment itself (particularly in view o f the high source (up to 
1100 C) and substrate temperatures employed) or from starting 
materials used to grow the epilayers. SIMS is used routinely to
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Figwe Ifa). SIMS depth profile of Se 'staircase' in GaAs. showing six 
doping Im is cofTcsponding to Se-ceil voltages of 180 (closest to surflMel. 
200. 2 ia  230. 240 and 250 mV. The two Se isotopes produce almost 
indistinguishable profiles. (Analysis cooditwas 14.5 keV Cs * ions, detect­
ing Se'.)
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! l(k). Se-cell calibration graph derived from the data in Figure 1(a).
Finm  2. BcrylUum depth profik through a GalnAs FET « v ^ t ^
showing Be diffiMon from the lower layer into the middle
r t f  ihmJ (Analysis conditions S keV O j primary ions, detecung Be .)
identify impurities in epilayers, but the crystal grower roust then 
identify and eliminate the source o f  the impurity.
Figure 3 shows a depth prohle through a GaAs test structure
grown to test for the presence ofimpurities in the arsenic Previous
experience had shown a dependence o f  residual carrier concentra­
tion on  the supplier o f the As source material and also on the 
batch number**. In one particular case, in which a residual n - t ^  
carrier concentration o f '*> 10** cm “ * was obtained, wet chemical 
analysis showed Te to be present at comparable levels**. A four 
layer test structure was grown at different excess As fluxes in each 
layer to highlight the dependence o f  the doping concentration on 
the As source temperature. The SIM S profiles clearly show the
Figwe 3. GaAs four-layer structure grown to test for the presence of impurities in the arsenic*surting material. The As/Ga flux ratios were 10 (nearest the substrate). 150. 10 and 80. The SIMS profile clearly shows S.Se and Te (in 6tcttMan% concentration) in the ‘150 layer. (Se is also detected in the W  layer; the S here may be masked by the higher background signal). Two isotopes were detected for each etemrat producing identical lesnhs: only one isotope is shown in each case for darity. The subetrate-epilayer interface is marked by the prominent S •spike'. (Analysis conditions 14.5 keV Cs* primary ions, detecting nega­tive secondary tons.)
presence of S, Se and Te in the layer grown at the highest As 
overpressure, indkatiog an impure batch o f arsenic. The elements 
were present in decreasing concentrations (S >S e>T e), as 
expected from the relanve volaulity o f these ekmenu. Sulphur has 
also been identified as an impurity in MBE InP in a similar 
experiment**.
The volatile rh«»nngM*« S, Se and Te are not routinely screened 
by material supplien, and even at the detection limit o f 
conventional spectrographk techniques (typically 1 ppm, -  5 x 
10“ cm “ *), it is evident that these elements can still pose a 
problem in semicooductor applications. The identification o f 
as important trace impurities highlighu the need 
for more sensitive screening o f  arsenic (and possibly other 
ekmenu) by materials suppliers. While SIMS could be used after 
the growth o f Uyets. analysis o f  the surting material by new high 
sensitivity techniques such as glow  discharge mass spectrometry 
would be a more utaCsctory approach.
3 J . Matrix skwMWi prafliac. Although the main strength o f
SIMS lies in itt ability to detect low concentrations of eleroents, in
some situations it is a valuable technique for rapid depth profiling 
o f matrix elements. Techniques such as Auger electron spectro­
scopy (AES)*, in combination with sputter profiling, are capable 
o f detecting concentrations in excess o f  1 % , but profiling rates are 
often several times slower than those routinely achieved with 
SIMS. (This arises not from a (undannental limiution o f the 
technique, but from the low current density ion guns convention- 
aOy fitted to AES profiUng systems.) However, quantitauve 
profiling o f  matrix ekmenu ( >  I % ) with SIMS is complicated by 
the non-linear reUtionship between concentration and ion yreld at
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these relatively high concentrations. Nevertheless, qualitative 
data is often a ^ u a t e  in these insunces.
Figure 4 shows an Al profile through a 8 ^  thick 
Ga,|.„AI,As/GaAs multilayer sample. Successive layers with 
X > 0 .2 .0.OS and 0 were grown at each o f three different substrate 
temperatures. A problem was suspected with the shutter on the Al 
source, which may have resulted in some o f the later layers not 
containing Al. SIMS profiling quickly showed that all the layers 
were present and that the problem had occurred after the 
completion o f  growth. Such rapid confirmation that the intended 
structure had been grown prevented the possible waste o f 
subsequent device processing time.
4. ProAHag of low dimcaiioaal strwctaws
There is considerable interest at the moment in ‘low dimensional 
structures' (LDS). in which the layer thicknesses are suffiaently 
small (less that SO nm) that bulk properties are altered. Techno­
logical interest arises from the ability to vary the bandgap in 
multi-quantum well (M Q W ) structures by varying the layer 
thickness', opening up the possibility o f producing a wide range o f 
high performance opto-electronic devices for telecommunications 
applications. M Q W s comprise many (up to 100) alternate layers 
of two different matrices, such as GaAIAs/GaAs or GalnAs/InP.
SIMS analyses o f  such structures it problematical, even for 
matrix elements, because o f the relocation o f atoms that occurs 
during any sputtering process, resulting in a loss o f depth 
resolution. The extent o f this ‘collisional mixing' depends on the 
penetration depth o f the primary ion ' ^  and is therefore dependent 
on the primary beam energy, angle o f incidence and mass o f  the 
primary ion. In general, this effect will be reduced for low beam 
energies, glancing angles o f incidence and heavy primary ions. In
Fifift 4. Al depth profile from a Ga,, ..^ 1^  multilayer sample. Three layen with x «0.2. 0.0S and 0 respectively sven grown at each of three dilinent substrate temperatures (SSO. 630 and 7S0°C nearest surface). A thin GaAs layer was grown first, which can he seen between the small spike at the substrate-epilayer interface (probably caused by a yield enhance­ment of Al due to inteifacial oxygen) and the first Al containing layer. *rhe total profiling tin«* was about 90 min. (Analysis conditions 8 keV Oj, detecting Al*.)
addition, recoil implantation (knock-on o f atoms in the sample by 
the incident ions’ ) and chemical segregation (caused by the use of 
reactive pnmary ions'*), may also occur, producing a further 
broadening o f the profile.
Experimentally, the primary beam parameten may not be 
independently variable: in particular, in the Cameca IMS 3F. the 
presence o f  a high extraction field in front of the sample either 
retards or accelerates the incoming ion (depending on the relative 
polarity o f  the specimen and pnmary ion), resulting in a variation 
of the angle o f incidence with energy. Furthermore, the lowest 
practical beam energy is about l.S keV (net), at which the glancing 
angle o f incidence produces an increasingly elliptical beam which 
is difficult to focus. The situation is better in quadrupole-based 
instruments, which use a low extraction field'*. This allows low 
energies (less than I keV) to be achieved and decouples the energy 
and angle o f incidence. These may then be freely varied to give the 
optimum depth resolution. Although high extraction field instru­
ments, such as the Cameca IMS 3F allow more rapid, high 
sensitivity profiling o f samples than quadrupole-based instru­
ments. the latter instruments may be better suited to studies 
requiring high depth resolution.
The performance of tne Cameca IMS 3F under low energy O ,' 
profiling conditions is shown in Figure 5. The Al profile from a 
II nm Gao 7AI0 ,As/8 ***" ^aA s M QW  (after profiling through 
0.1 /im o f GaAs) is shown at 8.0,2.0 and 1.5 keV (net). The energy 
per incident oxygen atom is half o f these values. The correspond­
ing angles o f incidence are estimated to be 39. 64 and 90 to the 
normal respectively. The improvement in depth resolution with 
decreasing energy is clearly seen. The peak-to-trough ratio 
increases from 2 at 8.0 keV to 100 at 1.5 keV. while the depth 
resolution, defined here as 10-90% on the trailing slopes improves 
from 4.7 nm at 2.0 keV to 2.9 nm at 1.5 keV (the value at 8 0 keV 
cannot be defined in this way). These values correspond to 
dz/r > 4.7 and 2.9%  respectively at 100 nm beneath the surface.
10'
10'
1 inm GaAIAs / 8nm GaAs MQW 
- Parameter-beam voltage (keV)
80
DEPTH (nanometres)
Figen S. Depth profiles from an 11 nm Ga« 7AI« jAs/8 nm GaAi mulu- quantum well structure recorded using primary tons at three dilfcren« energies (after profiling through 100 nm of GaAsl The correspont^ an^ of incidence arc approximately 39,64 and *90“ to the notmaL ^  improvement in depth resolution with decreasing energy is/eadiiy appwcnL
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G Z) r Sptllm *nd  D A A n d n w s SIMS in th* charactariution of lil-V ««(niconducior lavora
This paper has given a number o f illustrative examples o f the way 
in which SIMS contributes to the characterization o f semiconduc­
tor epilayers. Although the pnncipks o f  SIMS are straightfor­
ward. the reliable application o f the technique requires an 
appreciation o f the problems which may anse from mass 
interferences and background signals. An awareness o f the factors 
affecting detection limits is essential so that the best values may be 
obuined.
It IS evident that the value o f SIMS d a u  is greatly enhanced if 
the profiles are provided to the crystal grower in a quantitative 
form: a correlation between electncal performance and dopant or 
impurity concentration can then be quickly esublished. The 
technique is subsuntially devalued in this area if only qualitative 
data is supplied. Furthermore, the value o f growing special test 
structures, specifically for SIMS depth profiling, has been 
demonstrated.
The use o f SIMS as a means o f rapid matrix profiling has been 
shown. However, the profiling o f LDSs is still a problem area and 
more work is required to explore the feasibility o f using SIMS to 
analyse these structures.
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The Influence el growth conditions on sulfur Incorporitlon liUlaAs grown by
molecufar beam spitaxy
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Brtttik Ttkcom Km utk Labontoria, Martialtam Hmtk Iptwkh IPS 7RS, (MMKmtdom 
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sulfur cell has been used as a source o f donors for molecular beam epitaxy
grown OaAa. The falvanic oeU b  P t /A f /A f l /A f  2 S /P t  The electrical and optical propeitiefl o f 
the ilm a grown in the flubetrate temperature range 550-590 *C are good. However, at wbetrate 
temperature» above 600 *C the incorporatioo rate o f  sulfur b  much reduced. The reduction in the
incorporation rate b  explained on the basb o f the competing reactkmfl (1) the incorpontion o f 
sulfur into the OaAs matrix and (2) the formation o f  volatile Ga^S. A  detailed dbcuiaion o f the
imxwporatioo at elevated substrate temperatures and with varying As*/Oa ratio b  preaented. It b
abo demonstrated that if  the substrate temperature b  reprodudbly known th a  t ^  
electrochemical cell can be used to introduce intricate doping profiles into epitaxial O aAs. A  
hyperabrupt varactor diode has been fabricated as an example.
PACS numbers: 68.55. +  b, 81.15.Ef 
INTRODUCTION
The Group IV elements Sn, Ge, and Si have been used 
almost exclusivdy for donor impurity incorporation in m o­
lecular beam epitaxy (MBE) grown GaAs. However, the in­
corporation o f these elements into the growing layers is not 
straightforward, and some com plications occur in practice.
Tin shows marked segregation at the surface,' and for thb 
reason it b difficult to achieve abrupt changes in doping pro­
file. Germanium shows the amphoteric b d u v ior^  implicit 
in all Group IV elements. Silicon, which appears the most 
promising.^ also demonstrates its amphoteric nature at con­
centrations in excess o f 5 x  10‘* cm \’  Furthermore, it re- 
quiresahigh temperature source which makes it particularly 
ggngitive to unintentional impurities generated at the source 
and its surrounds.*
The other major source o f  intentional donor impurities
b  the Group VI ekments, Se and Te. These have received
little attentk» until recently which probably arises from two 
causes. The first b  a m bcooceplioa that h i|^  vapor pressure
f  teriaia are unsuitable frir incorporation mto MBE grown 
layers. However, it has recently been shown^ that strong in­
teraction bft^ **f*** the Group V I impunties and the G aAs 
host lattice b  sufficient to ensure effective doping. The sec­
ond b  the practical problem that during bake-out most o f  the
Group VI charge would be lost from the Knudsen cell. Re­
cent work has illustrated experiments to  overcome thb latter 
pom tW ood*used**captiveaouroes**intheform ofthedial- 
cogemdesPhS and PbSe to obtain donor  impurity incorpora- 
tkm. The lead was found not to be tneorporated in detectable
•wMMWif r>iKii« cf al.*‘ ** have used SnTc in a similar man­
ner to 1***”  controlled donor incorporatioo. However, at 
devated substrate temperatures (>  8S0 K) surfime segrega- 
tiou o f both the Sn and Te was observed. Davim cr a /."
described a novel method o f  incorporating S into OaAs u^
ing an dectrochemical cd l. T h b  cd l utilixed the galvanic 
ocD P t/A g /A gl/A gsS /P L  When as EM F b  appfied across
the od l, with the poflitive pole at the A fcS  A en the stoichio­
metry o f  the A g ^  b  ah oed , firom silver sulfide coexisting 
with metallic silver at one extreme to silver sulfide coexisting
with liquid sulfur at the other. Within thb range o f nonstoi- 
chiom etiy the chemical potentiab and therefore the activi­
ties o f  both silver and sulfur atoms in the silver sulfide vary 
with stoichiometry. Thus changing the cell EMF changes 
the gas phase pressure o f sulfur over the cell. Then provided 
the cell b  kept at some modest temperature, i.e., 473 K , sul­
fur molecules S. where 2 < x < 8  effuse from the c ^ . In the 
regime in which we chose to work the sulfur species was Sj 
which predominates by 3 -4  orders o f magnitude over the 
next most abundant species, S).'^
The primary advantage Of thb cell b  ite fast time con­
stant, which was shown to be — 1 s. Thb b  fast when com­
pared with MBE growth rates ( ~ 6  A  s ” ') and with conven­
tional thermal Knudsen cells. Thus one can consider
introducing, in a fimile manner, comirficated doping p r o ^
with very sharp interfaces into the growing byer with just 
one cell.
T h b  paper reports an extenskm o f that work winch ex­
amines the effect o f substrate temperature variation and 
A a«/G a flux changes on the incorporation o f su ite  atoms 
into MBE grown GaAs. The impetus fcr the work b  the 
improved crystd quality that can be obtained afl
(>850 K  fijT G uAs and >950 K  t e  GaAlAs). 
Thus it been««*» necessary to investigate the incorporatioo 
behaviour o f Sj molecules in G aAs at these temperatures.
EXKRIMOfT
The w ork was carried out in a Vacuum
Generators MB288 three chamber MBE system which has
been described previously." The s u ite  d o p e d ^ A s  epitax­
ial layen were grown on both n type (Si doped) sod s e ^  
insulating (Cr-doped and undoped) GaAs w b s tr a »S o b - 
strate preparation was carried out immediately before 
the substrate into the M BE system using chrmirsj 
treatments to those described in t e  lite«^ ” ” -
After loadini, t e  substrates were outgaised in the prepare 
tioo chamber at 775 K  until t e  pressure in t e  ch am te f a
to <  IX  lO -’ torr. The substrates were t o t r a n s ^  to
the growth chamber, where they were heated t o -880 K in
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an anenic flux to deaoib the surftce oxide layer. This 
jifM** deanin f procedure left the GaAs lufface free o f C and 
O  oootaminatiofi, within the limits o f  sensitivity o f A ufer 
Electron Spectroscopy (AES). Growth rates o f  1 /im  h ~ ' 
were used throu^iout the S doping experiments.
The electrical and optical properties o f  the resulting
13layers are
results AND DI9CU88ION 
A. SuNUr doping ranullt
The effect o f  varying the substrate temperature (7 .) 
during growth is shown in Fig. 1. The sulftir flux was kept 
constant throughout the epitaxial growth by applying an 
EMF o f  ISS mV to the electrochemical ce ll."  This corre­
sponds to a flux o f  S , mcdecules o f S.2 X l ( f  molecules cm~^
s~ 'arriving at the substrate s u r f a c e . J o *  w askeptcon-
stant at 2:1 whilst r ,  was increased in four steps from S90 *C 
(863 K). It is evident from the C-V profile'^ that there is a 
decrease in carrier concentration with increasing substrate 
temperature. Secondary Ion Mass Spectroscopy (SIMS)*’  
bears out the result that this is due to a decrease in the sulfur 
atom concentration. W e believe that the mechanism respon­
sible tot this decrease in sulfur atom concentration with in­
creasing r , is the increased desorption o f  from the 
growing layer at high substrate temperatures. A  similar re­
sult was obtained when repeating this experiment but with a
lower incident S , flux o f  S.2X  1^ molecules cm~^ s ~ ', i.e.. 
a ta oeU E M F ofl3 S m V .
The incorporated concentration can be plotted as a 
function o f  reciprocal substrate temperature so that the acti­
vation energy for desorption can be calculated. This is shown
in Fig. 2. A lso shown in this figure are the data extracted 
from the work o f ef qI. on SnTe m corporation."' It
can be seen that the temperature dependence o f  Teincoipor- 
ation (measured by SIMS) into OaAs exactly mirrocs that o f 
S incorporation. The activiation energy is the same in both 
ernes, ~  70 k cal m ole~ 'over the same temperature range. It 
is clear that the high and very diflierent vapor p rem im  o f  the 
two elements, at the substrate temperature, are not relevant 
to the situatioo at the O aA s surfime.
FIG. 2. Incorporated concentnoon of dopant v« reaprocal temperature. 0-S-dopin| (this work) JT-Te dopuig iColUm er a/.).
The desorption o f sulfur from GaAs over this elevated 
temperature range can be partially offset by increasing the 
As4.-Ga ratio. This is shown in Fig. 3 where the substrate 
temperature was kept constant at 61S *C (888 K), the sulfur 
flux was also constant at S.2.10* molecules cm~^ s ~ ' whilst 
the As4:Ga ratio was varied from  l.S:l to 9.3:1 in four steps. 
As can be seen from Fig. 3 increasing the As4iGa ratio in­
creases the incorporatioo concentration o f sulfur. Again this 
exactly mirrors Collins data for Te from SnTe.
B. Tharmodynamic framawork
The desired doping reaction
JSj(g)-f e, |1)
where S^lf) is diatomic gas phase sulfur, is an arsenic 
vacancy in GaAs, is an kmixed sulfur atom on an anenic 
site in GaAs and « is an dectron in the conduction band o f
GaAs, has been considerad earlier.^ It was shown, by consid-
FK}. I. AC-VdcpikprallcorafbiirleycrSdopadOaAsllB.TheafiiKahow» the decnMt ia S iacocpoiation with infiwuiae «tbttrau tenpen- 
twtir.).
n o . 3. A C-V depth praak ef* feur layer S.doped OaAs Um where the Ax,: Ga beam fox ratio waa chaaeed ai indicated in the Ifure.
J . sS.IKf bmI. eaa~^f~'.r, »lUK
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crin i th esund«rd(kpendenceof |K^| on andtheob* 
served (kpendence on sulfur in the fas phase from VPE, that
(s;.)-»^prPA.4 12)
werePs, arethe(wes8uresinatmoa|riiercsofspcciet
S, and A$4 in the gas phase, [S ^  ] is the concentration in 
o f  in GaAs and iC is the equiUbrium oonstanLcm -I
2 x l0 ~ *  torr we obtain Ps.Substituting Pa*.
=  3.19X 10~'* torr for a useful doping o f  [S ^ ]  =* 2 x 1 0 "  
cm~* at 360*C (833 K ). Thus, based on reaction (1) any 
typical MBE beam pressure would lead to the incorporation 
o f S as a dopant. In order to grow a layer with the above 
doping level therefore, the flux o f S, should be simply 
5 x  1 0 " ’  that o f Ga—typically Ps, =  5 x  10" "  torr for Pq.
=  1X 10"* torr.
In the earlier paper the competing reaction
2Ga,„ +  jS jig M ja iS ig ) (3)
was considered briefly. It was clear from existing results' 
that it was not an important consideration at 360 *C. The 
present work indicates that sulfur loss is, however, most im­
portant at higher temperatures and reaction (3) therefore re­
quires closer analysis. First it is noted that strictly speaking 
Ga in GaAs should be considered. However in MBE, condi­
tions are very close to the Ga liquidus o f GaAs and consider­
ation o f Ga (1)— or gallium liquid— is a very good approxi­
mation, well within the accuracy required.'* The detaib o f 
the approach including a check on the self-consistency o f the 
method are given in the Appendix.
Reaction (3) then gives
K  —  Pq
Taking literature values” "  we obtain/T) =  9.22 X 10'® 
atm * at 360 *C. Substituting the value o f  P if  in equilibrium 
with [S ^  J =  2 x  1 0 " c m " ’  givesPq,^  =  1.89atm.
Quite clearly therefore, thermodynamically all the sul­
fur should be converted to GajS even at 360 *C. There should
be virtually no doping, so any observed doping must be due 
to a kinetic barrier preventing reaction (3) proceeding. It 
should also be noted that changes very little over the 
experimental range studied and is 2.30X 10'® atm '^' at 
630 *C. There is therefore no thermodynamic explanation 
for the observed changes in do|mig efficiency in this tem­
perature range.
There is just one flnal aspect to be considered at this 
stage. It may be argued that as [S^. ] should not actually be 
formed, it should not be used to calculate the value o f  to 
be substituted in Eq. (4). One naay start with the beam pres­
sure instead (3 X 1 0 "”  torr) and assume it is all converted to 
Pq m  U X Using this value in Eq. (3) we obtain
the corresponding value o f P j^  leading to [S ^  ] 
s  1.33 X lO* c m " ’ . This approxim atk» is therefore excel­
lent with all but 2 : 1X 1 0 " of  the available sulfur following 
the assumed route.
In order to understand more about the sulfur dopmg 
reaction therefore, the kinetic barrier to loss o f Ga^S must be 
examined in more detail.
C nwa-  ^---• IflOQwl
It is evident from Fig. 2 that when the incorporated 
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oonoentratioos o f  S and Te are ploctad as a Ainctioa o f rad- 
pcqcal temperature they have tte  same tcmpcratuit depen­
dence. The calculated activabon energy for the desorption 
process in both cases is —>70 k cal m ole"'. This isasunilar
tmnperature dependence to that reported by Panish" for the 
border between different RHEED patterns on the GaAs 
(100) snrftce as a function o f  A sj/G a  ratio, e.g., the GaAs 
(2 X 4) As stabilized surface to the GaAs (3 X 1) As slabihxed 
surftce. It is tempting to speculate that the rate detennuung 
step for all three processes is the lom o f arsenic from the 
suiftce layer.’ ® Particularly so, as in both cases the effect o f 
increasing substrate temperature on doping can be partially 
oflxt by increaung the A s«/G a  ratio as is shown in Fig. 3. 
Collins er al. observed a similar behavior for Te incorpora­
tion from SnTe with a variation o f  They, however,
that the increase in Te incorporation Ux increas­
ing As4/G a  ratio was the opposite to what might be expected 
from thermodynamic point defect models. This would be 
true if the incorporation reaction were the only important 
one. We suggest that the effect on the competing loss reac­
tion is the domiiumt one. Thus the loss o f arsenic at elevated 
temperatures not only leads to the formation o f  new surface 
structures but also leads to an increasing surface Ga popula­
tion free to bond to dopant atoms via a much lower energy 
transition stote and so to a loss o f volatile species such as 
GsjS or (GaTe)2. Therefore, increasing the A s^ G a  ratio de­
creases the free G a surface population available to bond to 
the Group VI dopant atoms. Thus we have the situation that, 
as we increase the substrate temperature to 830 K, we see a 
change in the relative rates o f the two competing reactions (1) 
the incorporation o f sulfur into the GaAs matrix and (2) the 
formation o f Ga^S. At temperatures below 830 K  the kinetic 
barrier to reaction (2) reduces the formation o f GajS to a 
negligible amount, allowing reaction (1), where no kinetic 
barriers have been detected, to dominate.
D. Application to varactor fabrication
Despite this increasing loss o f sulfur with increasing 
temperature we are able to demonstrate the usefulness o f the 
electrochemical cell in the M BE growth o f G aAs provided 
the substrate temperature is known reproducibly. Figure 4
shows a range o f  doping leveb achieved over a large number
o f growth runs even when working in a region where there is 
some loss o f  sulfur. As is implicit from this figure a straight 
line relationship holds between applied EMF and incorpo­
rated S concentration from levels o f — l x  10'* c m " ’
to 3 -4 x 1 0 "  c m " ’ . At high doping levels ( - 3 - 4 x 1 0 "  
cm "  ’ ) a deviation from the straight line is observed. This is 
approaching the value for the solid solubility limit for S in 
GaAs as observed by other workers using different crystal 
growth techniques.”
A more practical demonstration o f the versatility o f  the 
electrochemical cell is evident in the fabrication o f a test 
hyperabrupt varactor for use as a narrow band microwave 
tuner. The epilayer was grown at 880 K. The C-V profile 
through the varactor structure is shown in Fig. 3. As can be 
seen the plot shows four separate regions which exactly 
match the required theoretical profile. From the air/semi- 
conductor interface there is (1) a region o f constant doping
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level whose thickness is calculated to deplete out when con­
tacted to. (2) an exponential region with exponent o f -  3 /2 , 
131 a plateau region in carrier concentration, and (4) a hypera- 
brupt change to an n  ^ buffer region. The com plete structure
no. S. AC-Vdqabpioiletluwiiliitalbypenbniplwectoritiwcnife. r, «lao K. See text for further cofUBcnt.
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was generated with j « i  one dopant ce ll a talk that would be
difficult with conventional thermal Knudsen cells. Devices 
fabricated from these byers were large. 80 /im  in diameter 
with an associated capacitance o f —4 pF. However, when
measured in the 2-11 GHz region the devices showed prom­
ising results, the scries resistance o f  the device was < 112 
most o f which is spreading resistance in the substrate. The 
epilayer resistance was estimated to be —0.212. The capaci­
tance ratio Co j/CvMAX mcMured to be 14:1 whilst the 
corresponding maximum voltage swing Vmax
C0NCLUSI0II8
In conclusion, we present an examination o f the vari­
ation in incorporation rate o f  sulfur atoms in MBE grown 
GaAs with increasing subatrate temperature. An increasing
loss o f sulfur is observed at temperatures in excess o f 830 K. 
This reduction in incorporation rate is exfdained on the basis
o f two competing rcactions: (1) the incorporation o f S into 
the GaAs host matrix and (2) the formation o f the volatile 
species GajS. Increasing the A s^ G a ratio partiaUy offsets 
the effects o f increasmg the substrate temperature. This 
lends support to the bypotheus that it is an increasing loss o f 
arsenic from the GaAs groadng surface that dominates the 
rate determining step. We also demonstrate, from the fabri­
cation o f a hyperabrupt varactor diode structure, that the 
electrochemical cell can still be used to introduce intricate 
doping profiles into epitaxial G aAs even in this higher tem­
perature (>830 K) range.
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APPENDIX
A. TlminoUyn n iic cMcu lliont
Itisim poctantiocheckthevalidityofthetherm odyl»- 
mic estimates and the approximations involved in the meth­
od wherever poambk. One such check can be made by com -
paring the sulfur pressures corresponding to
given doping levels o f S in G aA s with the lowest pressure o f 
sulfur in equilibrium with the G a2$3 phase. This value o f 
course represents the saturation solubility o f S in GaAs and
experimental dau  on this point is available.
Fust, the calcatation o f sulfur doping kveb  s h o ^  be
assessed. In an enrier paper’  values were obtained in the
following way. Experimental sulftir doping levels were taken
fn>m typical VPE work“  using the G a/A sC l3/H j/H jS  sys­
tem. Standard thermochemkal datt'* was used to convert to
the G a /A s/S  system relevant to MBE. Crucially, the same 
point defect model used to explain the VPE pressure depen­
dence (and activity dependence in Te doping by LPE) was 
used as the for the significant extrapolatioo needed to 
results in MBE oonditwos. The following resuitt
were obtained:
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C oaoentntioo 2.2x10**. 2 .2 x l0 '\  2 .2x1 0 '* . and 
2.2X 10'*
[S;;),cm*’
Equilibriuni value 4.2x 10“ *. 4.2x 10“ * . 4.2x 10“ * . 
and 4.2X 10“ *
?a ,.a im .
These results oiay now be compared with the stability o f 
GajSslr) calculated from the equation
2G a(/) +  3/2S2(f)»O a,S ,|i). (A l)
which fives
(A2)
Standard thermochemical data'^ '* for reaction A l 
yields the value =  2.02X 10*atm“ ’ *  at S60*C. leading 
VoP%^  *  6.25 X 10~^* atm. The calculated solubility limit for 
[S ^  ] in G aAs is thus 8.49X 10'* cm ~^ Although there is
still some uncertainty about the eiact position experimental­
ly  ^' it is in the region o f 1X 10'* cm “  ^  The agreement is thus 
extremely good, and to some degree fortuitous, as the simple 
two term expressions used for free energy throughout the 
is more approximate than this. However, the 
validity o f the method is undoubtedly demonstrat­
ed.
One final point also deserves comment. The beam pres­
sure o f Ps, =  X formation
o f Ca2S3 under MBE conditions, evoi at 360 *C where the 
formation o f  G sjS is kinetically hindered. It would if this 
beam impinged on the same GaAs surface for long enough, 
but during growth the chemical potential o f S in the growing 
layer is reduced by the finite amount o f  S present, i.e., by the 
kinetic limit on the supply rate. The effective chemical po­
tential is given by [S ^ ] ,  which at the above beam pressure is
2 x  10'* cm  “ ’ .and so bdow the soittbility lim it The thermo* 
dynamic treatment ornai be applied to the growing layer of 
course, as this tt where the sanw (substrate) temperature ob­
tains for all species.
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Th9 infliMnc* of growth conditions on Mltniuin Incorporation In QaA* grown 
by motoeular bMwn «pitaxy
0. A. Andrtwt. M. Y. Kong.** R. Htddngbottom. and Q. J. Otvist
Bhtiak Tekeom ñ n ta rth  L abom oha, M artksham  Heath, IpawkK I K  7RE, V niud Kingdom
(Received 14 September 1983; accepted for publication 10 November 1983)
An dectrocbemkal cell P t/A f/A fl/A fjS e /P t has been used as a highly controllable source of 
St2 for a-type doping of GaAs grown by molecular beam epitaxy (MBE). Se is incorporated with 
100% eflldcncy under all normal MBE conditions up to growth temperatures o f620 *C. Above 
this temperature doping is still possible but with reduced elBciency. The general behavior is 
mitnil^r to that already reported for sulfur doping, with the added advantage that doping can be 
extended to temperatures some 30 *C higher in the case of Se. Chemical analyús has confirmed 
that when doping efliciency is reduced, it is due to actual loss of Se. Thermodynamic analysis 
iitdir^tpn that loss as GajSe is to be expected under all conditions studied, so successful doping is 
due to kinetic barriers to this loss reaction. Excess As« is shown to hinder the loss of GajSe even 
further.
PACS numbers: 61.70.Tm, 81.lS.Ef, 82.80. — d
I.INTROOUCTION
The search for n-type dopants for molecular beam epi­
taxy (MBE) of GaAs and other III-V compound semicon­
ductors has, until recently, led almost exclusively to the use 
of the group IV elements Sn, Ge, and Si. In practice, how­
ever, these elements have turned out to be less than ideal. Tin 
has a less than straightforward incorporation behavior'; ger­
manium shows the amphoteric nature intrinsic to all the 
group IV dopants,^ and silicon, although the best behaved 
and most conunonly used of the group, still shows ampho­
teric character, particularily at high doping levels.^ Silicon 
also has an inconveniently low vapor pressure that demands 
the use of high temperature sources with a corresponding 
susceptibility to the unintentional generation of other im­
purities from the source and its surrounds.’
The other potential source of n-type dopants lies in
group VI of the periodic table. The chalcogens, S, Se, and Te, 
are widdy used in GaAs technology but have been neglected 
in MBE for two main reasons. The first is a belief that mate- 
riab with a high vapor pressure at MBE growth tempera­
tures are intrinsically unsuitable. However, it has recently 
been shown* that the strong interaction between the group 
VI atoms and the GaAs host lattice is sufficient to ensure
incorporation. The second reason is the practical problem of
ftnw f iwing the volatile group V I elements during U H V  sys­
tem bakeout. One solution to this problem that has been 
pursued is the use o f chalcogenide captive sources such as 
PbS, PbSe, SnTe, and SnSe„’ -* where the chakogen vapor
pressure is reduced in compound form from its elemental
value. However, Sn and Te both show surfriceaegregatioo at 
the h i^  growth temperatures necessary for the produetkm 
of the highest quality GaAs, even when incorporated from  a
compound source.* Of the others, SnSc2 shows most promise
although its evaporation behavior does display some pecu­
liarities.*
*Oa Iwvt ft«B the iMUniic ofSankoadiicton. Cbincte Acadmiy of Sd-
A novel, alternative approach has been developed in 
our laboratories by Daviesef a/.,'“whereby sulfur is incorpo­
rated into GaAs by the electrolysis of a sulfide electrolyte. 
The combination of this electrochemical cell with a Knud- 
sen cell yields a highly controllable, low temperature 
(200 *C) source of sulfur dimers with a fast response time (1 
s), giving significant advantages over thermal elemental and 
captive sources in terms of flexibility and molecular beam 
composition.
Using this source, we have characterized the incorpora­
tion behavior of S into GaAs (Ref. 11) and have suggested 
that loss of sulfur from the growing surface can occur via the 
evaporation of the volatile species Ga2S at high temperatures 
or low arsenic overpressures. We have also demonstrated
that the electrochemical sulfur source permits the facile pro­
duction of high GaAs devices with complicat­
ed doping profiles.
In this paper, the study of the group VI dopants is ex­
tended to the electrochemical generation of Se and the char­
acterization of its incorporatioo into GaAs as a Ainctk» of 
selcninm flux, growth temperature, and arsenic overpres­
sure.
ILEXPEmMENT
The experiments were conducted in a Vacuum Genera­
tors MB288, three-chamber MBE system which has been 
described elsewhere.'“ Selenium doped GaAs epitaxial lay­
ers were grown simultaneously on n* (Si-doped) and un­
doped OaAs substrates which were prepared using wdl-es- 
tablished chemical treatments.'“ After loading into ^  
system, the substrates were outganed in the preparatian 
chamber at 430 *C and transferred to the growth chamber 
when the pressure had fallen below 10~* Torr. Subsequent
heating to 610 *C in an arsenic flux resulted in desorption of
the nirfwT leaving contamination-free, highly or-
deredsnrfoccsasdeterm inedbyrcflectioohighcaetgyelec- 
tfon diikaction (RHEED) and Auger electron spectroscopy
(AES). Growth rates were typically between I and 2/«mh“ .
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Tbe electrochemical sulfur lourcehss been described in 
detail diewhere'® and is easily modiSed to produce idenium 
vaiwr by rapbcint tbe Af^S electrolyte with AfjSe.'^
Briefly, an electrochem ical cell P t /A fjS e /A fl/A f/P t
was constructed by pressing a peQet of A f 28e powder onto a
pfiw  of Agi p o a ^ .  The Agi has a n e ^ M e  electronic 
conductivity and actt as an Ag*  ^km conductor between the 
AgjSe and the Ag electrode. By varying the emf across the
cell, the full stoichiometric range of the AgjSe phase may be 
and the activity of the selenium in this compound 
controlled. Therefore, the equilibrium vapor pressure of Se 
over AgjSe may be varied by several orders of magnitude, 
from the Se-rich boundary (AgjSe in equilibrium with liquid 
Se) to the silver-rich boundary (AgjSe in equilibrium m th 
Ag). this electrochemical cell with a convention­
al Knudsen efhision enclosure results in a highly controlla­
ble, pure source of selenium dim ers.'’
The operation of the selenium source is identical to that 
of the sulfur source except for the following points. Since 
elemental selenim« is less volatile than sulfur, the selenium 
source has to be operated at a slightly higher temperature to 
achieve the same fluxes. A temperature of 300 *C was suffi­
cient and permitted doping levels of 2x 10" cm~’ to be
achieved with ease. It should be noted that this is still a desir-
sbly low temperature. Care must also be taken in exfdoring 
the composition range of Ag2Se as a function of temperature 
as it possesses several phases, and it is possible to trespass 
into regimes where elemental selenium is precipiuted in the 
This can result in irreversible deterioration in the 
characteristics of the electrochemical cell.
Uniformly doped layers with carrier concentrations in 
the range 2x 10" < N d-N a< 2x 10'* cm "’ showed excel­
lent decttical properties and morphology. Mobihtiesof63SO 
cm’ V " ' s " ' and 25000 cm* V " ' s " a t  300 and 77 K, re- 
spectivdy, were achieved for Nd-Na »  8x 10" cm "’. Sur- 
boe morphology was in general excellent with defect densi­
ties of tbe order of 10* cm "’, oomparsble with tbe etdi pit 
densities of the substrates used.
Figure I shows a combined carrier concentration and
Hall mobility proik through a OaAs layer grown with a 
fouf=ltep selenium staircase doping profit. The layer was 
grown on ah undoped substrate and fabricated into the fa­
miliar Van der Pauw oMsa for mobility measurement The 
measurement technique" makes use of an dectrolytic 
Schottky contact to give controlled dissolution of the layer
and a depth profile of the local carrier concentration (upper 
curve), local Hall mobility (middle curve), and sheet mobility
(lower curve). The changes in carrier concentratioo are
clearly resolved and are reflected in the local mobility curve.
On the other hand, the sheet mobility reveals little infonna- 
tion thus highlighting the utility of the modulstion tech­
nique for extracting local information.
III. RESULTS
The effect of varying the substrate temperature (T,) 
during the growth of Se-doped layers is shown in Fig. 2. The 
selenium flux was kept constant by applying a fixed emf to 
the electrochemical cell. The arsenic to gallium flux ratio 
(7 AsvJGa) was kept constantat 2.7:1 while T, wastnereased 
in four steps from 580 *C at the interface to 690 *C at the 
surface. The grown layer was electrochemically C-Kprofiled 
using a British Telecom Profile Plotter'^ to reveal the carrier 
concentration as a function depth.
It is readily apparent that there are two domaim of be­
havior. At or below 620 *C, the carrier concentration is a 
very weak function of growth temperature, while above 
620 *C it decreases with increasing T,. That this is due to a 
decreasing selenium atom concentration is borne out by re­
sults from secondary ion mass spectrometry (SIMS)."
In a separate experiment, a selenium-doped layer was 
grown at a T, where Se loss was observed and the effect of 
varying the arsenic overpressure during growth studied. At a 
r ,  of 660*C and a nominal doping level of 4 x  10" cm "’ 
(assuming unity sticking coefficient),/As^J Ga was varied in 
four steps from 4.2:1 to 1.5:1. Itm ay be seen from Fig. 3 that 
y lywiiim loss is supprened st the higher arsenic overpres­
sures. Tbe dips in the profile at tbe changes in overpressure 
are believed to be due to the dynamic response of the arsenic 
effusioocell. Although the temperature tespooae of the efRi- 
skm  cell is critically damped the flux response measured by 
the moveable km gauge shows some overshoot, presumably
due to temperature gradients within the cell.
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The ekctrochemical sulfur source hst been described in 
detail elsewhere'® and is easily m odiled to produce seknium
v«M)r by raplaciiit the A f,S  electrolyte with AfaSe.'^
Briefly, an electrochemical cell P t/A fjS e/A fl/A f/P t
was constructed by pressing a p d k t of A fjSe powder onto a
pfiw  of Agl p o a ^ .  The A ^  has s  n e ^ M e  ekctronic 
conductivity and acts as an Ag^ ion conductor between the 
AgjSe and the Ag electrode. By varying the emf across the
cell, the filli stoichiom etnc range o f the AgjSe phase may be
and the activity of the selenium in this compound 
controlled. Therefore, the equilibrium vapor pressure of Se 
over AgiSe may be varied by several orders of magnitude, 
from the Se-rich boundary ( ^ jS e  in equiUbrium with liquid 
Se) to the silver-rich boundary (Ag,Se in equilibrium ^ th  
Ag). this dectrochemical cdl with a convention­
al Knudsen effusion enclosure results in a highly controlla­
ble, pure source of selenium dimers.'*
The operation of the selenium source is identical to that 
of the sulfur source except for the following points. Since 
elemental selenium is less volatile than sulfur, the selenium 
source has to be operated at a slightly higher temperature to 
achieve the same fluxes. A temperature of 300 *C was suffi­
cient and permitted dofung levels of 2x  10'* cm"* to be 
achieved with ease. It should be noted that this is still a desir­
ably low temptfature. Care must also be taken in exploring 
the composition range of Ag2Se as a function of temperature 
as it possesses several phases, and it is possible to trmpass 
into regimes where elemental selemum is precipitated in the 
This can result in irreversible deterioration in the 
characteristics of the electrochemical cell.
B. Matnrtnl propnrtiM
Uniformly doped layos with carrier concentrations in 
the range 2 x  10'* < N d-N a< 2 x  10'* cm"* showed excel­
lent dectrical properties and morphology. Mobihtiesof6330 
cm* V -' s" ' and 25000 cm* V“ ' s " ', at 300 and 77 K. re­
spectively. were achieved for Nd-Na > 8x 10'* cm"*. Sur- 
bce morphology was in general excellent with defect densi­
ties of the order of 10* cm~*. comparable with the etch pit 
densities of the substrates used.
Figure 1 shows a combined carrier concentratk» and
HaU mobility profile through a OaAs layer grown with a 
fouf^tep selenium staircase doping profile. The layer was 
grown on ah undoped substrate and fabricated into the fa­
miliar Van der Panw oMsa for mobility measurement The 
measurement technique'* makes use of an dectrolytic
Schoetky contact to give controlled dtaaolutioo of the layer 
and a d ^  profile of the local carrier concentration (upper 
curve), local HaU mobility (middle curve), and sheet inobility
(lower curve). The c h a ^  in carrier concentratioo are
clearly resolved and are reflected in the local mobility curve. 
On the other hand, the sheet mobility reveals little infonna-
tion thus highlighting the utility of the modulation tech­
nique for extracting local information.
III. RESULTS
The effect of varying the substrate temperature (FJ
during the growth of Sedoped layers is shown in Fig. 2. The
selenium flux was kept constant by applying a fixed emf to 
the electrochemical cell. The arsenic to gallium flux ratio 
(yAs4JG a) was kept constant at 2.7:1 while T, wasincreased 
in four steps from 580 *C at the interface to WO *C at the 
surface. The grown layer was electrochemically C- V profiled 
usings British Telecom Profile Plotter'* to reveal the carrier 
concentration as a function of depth.
It is readily apparent that there are two domains of be­
havior. At or below 620 *C the carrier concentration is a 
very weak function of growth temperature, while above 
620 *C it decreases with increasing F,. That this is due to a 
decreasing sdenium atom concentration is borne out by re­
sults from secondary k»  mass spectrometry (SIMS).'
In a separate experiment, a selenium-doped layer was 
grown at a F, where Se loss was observed and the effect of 
varying the arsenic overpressure during growth studied. At^a 
F, of 660*C and a nominal doping level of 4 x  10'’ cm"* 
(assuming unity sticking coefficient),/As4i/G a was varied in
four steps from 4.2:1 to 1.5:1. It may be seen from Fig. 3that
selenium loss is suppressed at the higher arsenic overpres- 
sures. The dips in the profile at the changes in overpressure
are believed to be due to the dynamic response of the arsenic 
eflbsioo cell. Although the temperature response of the eflti-
sion cell is critically damped the flux response measured by
the m o v e a b k ^ u r ^  some overshooL p r e ^
due to temperature gradients within the cell.
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FIG. i.AC-y depth protUc of a Ibur-Uycr Scslopcd GaAs film where the 
As«:Oa *«»•»« flux ratio wat chaaped aa indicated in the figure.
In a further experiment, the incorporation of selenium 
into GaAs was investigated as a function of arriving Se flux. 
A growth temperature of 5fl0 *C was used, with mJAs  ^J  Ga 
ratio of 3.5:1 and the electrochemical cell driving emf varied 
in four steps from 180 to 230 mV. The resulting depth profile 
is shown in Fig. 4 and the carrier concentration plotted 
against emf in Fig. 5.
Theoretical considerations predict an exponential rela­
tionship between the flux and the applied emf.“  This is 
clearly borne out by the straight line behavior of the logarith­
mic plot in Fig. 5. Moreover, the relationship holds true up 
to the highest doping level of 2.5 X lO " cm ~ ^  This contrasts 
with the result of Smith tt al.,'* who find a drop in apparent 
incorporation efficiency above 10’’ cm "’ when selenium is 
incorporated by noncongruent evaporation of SnSej from a 
conventional ICnudsen cell. This deviatran is then probably 
due to some peculiarity in the evaporatioa behavior of SnSe  ^
rather than any intrinsic property o t selenium.
Since the staircase profile shows flat treads and steep 
risers, we have no evidence for segregation or dilRision of
n c . 3. PkNofeamroas-
ocatnooa via Sc dopiag ^
OaAt aa a Awetioa of Sc odlcaf.
E.M F mV)
selenium within the resolution of the electrochemical profil­
ing technique.
The temperature dependence of the incorporation be­
havior of the common chalcogen dopanu S, Se, and Te into 
MBE GaAs is «HHtnariT^ in Fig. 6. The sulfur and seleni­
um data are our own and the tellurium data is drawn from 
the work of Collins et a l} In this fig u ^  reciprocal substrate 
temperature is plotted along the horizontal axis and donor 
concentration on the vertical axis. Sulfur and tellurium both 
exhibit very similar behavior, and the activation energy for 
desorption derived from the slope of the high temperature 
portion of the graph is identical for both at 70 kcal mol"
Tt (MtatTMc tcmpcfcturc)
n o . 4. A C -K  depth p ro fik  o f • Ibuf-toyer SeKtopwl OaAc film  Wfccfc Ike 
I to  the dcc tra ch cm in l Sc eemne i t  varied a t iadkated m the
T. • SfiOt:.yAsJaa- 3.3:1.
n o. 6. lacwporcMd doput «occaumwin r w p r ^ ^
pe„tttK.O-« X—SeiC-KdmaftomthicworkkBt-TeiSIMSdmcirom
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Sulfur does in (iKt show a plateau tegioii at slightly lower
tcmpcratufcs than those plotted, and desorptkm is negligible 
below 370 *C. th e  range of temperatures depicted in Fig. 6 is 
that in which the best quality GaAs has been grown, and it is
that tfH iiuin is the ody chalcogen dopant to show a 
plateau within this technologically important range. This
plateau extends to almost 630 *C. Beyond this region, seleni­
um is lost from the growing surface in much the same man­
ner as sulfur and tdlurium and with a similar activation en­
ergy. This being so, it is still possible to achieve useful doping
leveb in this loss regioo simply by applying an increased 
dopant flux, as was demonstrated for sulfur."
It should be noted that the rather high growth tempera­
tures and reduced arsenic overpressures necessary to induce 
selenium loss place the growing surface very close to becom­
ing gallium rich. The RHEED pattern from such surfaces is
generally rather diffuse, certainly well away from the As- 
rich (2x4) pattern and more characteristic of the (3x1)
phase.
It is clear from the above that selenium, generated as 
dimers from the electrochemical effusion source, is incorpo­
rated in a facile manner over a useful range of MBE growth 
parameters. It is only in the extremes of high substrate tem­
peratures and reduced arsenic overpressures that the incor­
poration efficiency is reduced.
IV. DISCUSSION
It has been shown by Heckingbottom ef that clear 
predictions as regards doping behavior can be made on the 
^ «1« of thermodynamic calculations. These calculations 
from a consideration of the energetics of chemical pro­
cesses and can therefore offer firm conclusions as to whether
a particular reaction is possible or not. In particular, they 
show that the interaction between the GaAs lattice and the 
group VI dopants S, Se, and Te is strong enough to ensure 
their under MBE condhioos.
Thus the reaetkm
(1)
[where jr is S, Se, or Te, (g) indicates the gas phase. is an
arsenic vacancy in OaAs, j r a n  ionized atom on an arsenic
site in OaAs and e~ an electron in the conduction band of 
GaAs] is well to the right under MBE conditioos. At the 
time of this study* the only experimental work^ indicated
that there were no loss reactions of significance at a growth 
temperature o f 360 *C and this possibility was not pursued 
fiirther. Later work" showed however that at su b tly  higher
grosithtem peraturesthelosaoftulftirfirom thegrowingsur-
bce becomes significant A srider survey of likdy competing
l s ^  + 2Ga(/]?±Ga^g) (2)
[where Gafl) represents liquid gallium which is a good ap-
P a in  MBE grown GaAs since growth oondi-
tin— gfig fioff to the Ga liquidus of the GaAs solid phase] 
Anifiif lead to the loss of virtually aD the sulfiir firom the 
gtw iiiig all normal MBE growth conditions.
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Thus, at 360*C to obtain a dopant ooooentratioo 
[S/u 1 «  2x  10'* cm "’ would reqfire an equilibrium pres­
sure ~  inaccessible in MBE.
A am ilar anrdysis of the tendency to form OajSe by the 
reaction analogous to Eq. (2) is possible usiiig the data of Uy 
er a /."  aiui Kubaschewskia^Alcock.** For abeam equiva­
lent pressure of 3 x 1 0 " "T o rr [enough to give a doping level
of 2x  10"  cm "’ via reaction (1)] and a growth temperature
of 360 *C the equilibrium pressure of Ga,Se is 0.28 Torr. At
higher growth temperatures, this pressure would be even
higher. Thus, as with sulfiir, no usefol doping should be pos-
siUe except for rm effective kinetic barrier to reactioo (2).
In view o f the apparent similarities with the doping with
tellurium shown in Fig. 6, it is interesting to calculate that 
the comparable pressure of Ga,Te (the mqiority gas phase 
species") is ~  1.3x 10" ’ Torr so that even here less than one
part per thousand of the Te would be incorporated u  dopant
except for the kinetic barrier to reevaporation. Figure 6 ef­
fectively shows the activation energy of this kinetic barrier to
reaction (2). It is clear that it is similar for Se to that reported
previously*’"  for Te and S at ~70 kcal/mol s u g g e ^  a 
common reaction mechanism. As was suggested earher' * 
when considering sulfur dopmg, the temperature depen­
dence is similar to that reported by Panish^for Ax lorn from 
the GaAs surface. Additkmally, as shown fm Se doping in
Fig. 3, increasing the As*/Ga flux ratio increases the amount
of Se incorporated, establishing that the concentratioo of
surface arsenic plays a key rede in hindermg the loss leactioo
for all the chaloogens.
The results show quite clearly however that
not all aspects of the situation can be explained in terms of 
the Ga-As system. The preexponential factor is least for the 
Se leading to the lowest actual loss rate of the three 
/.K.Uvy«* under otherwise similar conditions (though the
Te results are not strictly comparable due to the interactioo
with Sn at the growing sur&ce'). The explanation for this
(Ufl^fcnce is not known. It is noted that Se, bcing adjacent to 
As in the periodic thble of dements, is likdy to  be accommo­
dated in the GaAs lattice with leas strain than S or Te. but 
there u  iasuAcient datt to pursue this possibility nrore
M aatitativcly. What is dear is the technological importaaoe 
o f thh diflbrenoe. Se can, as a result, be laed  aa a dopant quite
straightforwardly at the higher growth temperatures and 
low (~2:1) As«/Ga flux ratios consistent with the growth of 
the highest quality GaAs layers.
V. CONCLUSION
Selenium ftom a beam of Se, has been used succeasftilly
to dope MBE GaAs. The selenium is ¡noorporated in a fimile
manner, and with effectively 100% eSdency under aD 
ditioos allowing succcssfiil growth of GnAa, up to growth
temperetures o f620 X:. Above this tem perntu^ in c o rp ^  
tion at useful levels can still be achieved but an mcreased kns
of selenium is olnerved. This lore is interpreted in terms of
the competitioo between the incorporadon reacti«  a ^ th e
formation of volaiik Ga,Se which is increaainijy fhvored as
the growth temperature and hence surfk* gnmurn conen^
iratioo is increased. Reducing thb gallium concentratioo by
inci«a«n| the anenic overprwufe results in a reduced k*B 
of selenium, thus suppoctinf the postulate that it b  the ar­
senic ooncentratioo on the OaAs surface that doaainates the 
kinetics of the loaa reaction.
Selenium, therefore, shows a great amilaiity to sulAir 
and teUurium in its incorporation bdiavior into lO E  OaAs, 
but with an stability at the high temperatures de­
sirable for the best OaAs growth. In this respect it is prob-
aUy the moot ideal group VI dopant for GaAs, and in combi-
».finw with its generation from an electrochemical efbsion 
source offers a most versatile, well-behaved doping tech­
nique with low temperatures in the source, a frst response 
time (1 s) and simple dimeric beam composition.
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In Ga, _ j, Af, Ae grown by moleculer-beam epitaxy
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An electrochemical cell Pt/A gl/A g, X /P t (X »  S,Se) has been used as a highly cootroUaWe
source of chakogen dim e« for a-type-oping c r f G a , A l ,  As grown by molecular-beani ^ ta x y
(MBE). The incorporatk» behavior has been investigated as a function of alloy composition, 
growth temperature, and arsenic overpressure. At low temperatures, < 600*C, sulfur and 
sfleniMin are incorporated into Ga, _ , Al, As in a facile manner. At higher temperatures, where 
loss of chalcogen dopant from GaAs has previously been observed, sulfur shows an enhanced 
stability in the aluminum-containing alloys. Excess As< is shown to hinder the loss further. The 
behavior is modelled in tenns of the relative stabilities of the volatile and involatile gallium and 
aluminum chalcogenides under MBE growth conditions.
I. INTROOOCnOH
The group VI dopants S, Se, and Te have received in­
creased attention in recent publications concerned with the 
growth of GaAs by molecular-beam epitaxy.'“’ This re­
newed interest stems from two origins. Firetly, the group VI 
elements do not exhibit amphoteric behavior in III-V 
growth, unlike the group IV elements.^ Secondly, the low- 
source temperatures required for doping with the group VI 
elements imply a high beam purity.
Evaporation from the elements themselves has proved 
incompatible with UHV techniques; their high vapor pres­
sures at typical bakeout temperatures imply that much of the 
group VI charge would be lost from the source. Some practi­
cal solutions involve the use of “captive sources” in the form 
of the lead chalcogenides PbS and PbSe.' with the incorpora­
tion of the Pb being negligible. SnTe has been used in a simi­
lar manner, but at elevated substrate temperatures 
( > 570 * 0 ,  surface segregation of both Sn and Te was ob­
served.’ A novel method for the incorporation of S and Se 
into GaAs has been described* using the electrolysis of a 
solid-sute silver chakogenide electrolyte. A change in the 
programming EMF applied to the ceU produces a corre­
sponding change in the chakogen vapor pressure over the 
dectrolyte. Then provided the cell is kept at some modest 
temperature ( 200*0 , chakogen dime« (SjotScj) arepro- 
^ n ^ ^  in the molecular beam. These dimerk species pre­
dominate by 3-4 orde« of magnitude over the next most 
abundant species Sj.
It has been shown’ that at elevated growth temperatures 
(>  600 *C) the incorporation efficiency of the group VI ele­
ment is reduced. It has also been shown that by increasing 
the AS4 overpressure during growth, the loss of dopant may 
be suppressed. This study has been extended to the incorpor­
ation of group VI dopants in Gai _ , Al, As. Laye« of this 
material, of high crystalline quality and high purity, are ob­
tained at growth temperatures some ICXJ* higher than for 
typical GaAs growths. It might therefore seem that this in­
crease in growth temperature would preclude the successful 
incorporation of group VI dopants in MBE Gai _j,Al,As. 
This paper reports for the ll«t time the use of an el«tro- 
chemical cell as a source of S and Se dopant incorporation in 
Gui _ j, Al, As.
II. EXPEmMENT
The experiments were carried out in a vacuum genera- 
to«  MB288 three-chamber MBE system using sul»t«te 
cleaning snd growth techniques described previously. Tao 
multilayer structures were grown to investigate the incor­
poration behavior of sulfur in Gai _, Al, As. The fi«t was 
designed to explore a range of A1 concentrations (x = 0.03. 
0.075, and 0.15) and growth temperatures for a fixed ma- 
dent sulfur and arsenic flux. The second explored A1 concen­
tration and Asytotal group III flux ratio at fixed sulfur flux 
and growth temperature. The sulfur flux used corresponded 
to an intended doping level of n = 2 X 10' cm
The resulting laye« were analyzed by secondary ion 
mass spectrometry (SIMS).“ The changes in A1 concentra­
tion were used as markere in the SIMS depth profile for the 
expected response in the sulfur concentration. These compli­
cated structures were unsuitable for accurate analysis by 
electrochemical C-K profiting, but measurements on bulk 
laye« doped between 1X 10' ’ and 1 X 10“  cm '  ’ produced a 
factor of 2 agreement between the SIMS concentrations and 
electrical activity.
III. RESULTS
Figures 1 and 2 show the growth sequence and SIMS 
profik of the substrate temperature experiment, respective­
ly. There is an overall curvature to the sulfur depth profile, 
which is believed to be due to an instrumental effect in the 
SIMS measurement (possibly caused by drifting of the mass 
corresponding to sulfur), but the changes stimulated 
by the steps in the aluminum profile and the growth tem­
perature, and synchronous with them, are of most interest. 
At 550*C the addition of aluminum to GaAs to form 
O*0 M Alo is As has no effect on the SIMS mass 34 or 32 sul­
fur sigiral There are two possibk effects that might be ex­
pected; a change in the rate of any sulfur loss and a change m 
the yield of ionized species from the SIMS process due to the 
change in the aluminum content of the Ga, _ ,  Al, As and the 
subsequent matrix effects. The lack of any observed change 
in the ion count rate argues strongly for both no c ^ g e  in 
sulfur loss and no change in SIMS yield for sulfur 32 and 34 
species for Ga, . .  AI, As (x <0.15). The alternative expla-
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FIG. 1. Growth sequence for the study of sulfur incorporation in 
Ga, . Al. As as a function of ji and growth temperature.
nation is that the change in any sulfur loss rate is exactly 
by a change in the SIMS sensitivity as the elemental 
composition of the G a ,. ,  Al, As is changed. This seems an 
unlikely coincidence.
In the GaAs region where the temperature was raised 
from 550 to 600 *C, a small sulfur loss is observed at the 
higher temperature. This loss is completely suppressed at the 
initiation of the Gao «  Alo,, As layer and remains undetecta­
ble down to the lowest aluminum concentration of 
Gao ,7 Alo oj As. The loss reappears, however, in the GaAs 
layer grown before the temperature was raised to 650 *C. At
this higher temperature, the sulfur loss from the GaAs be­
comes much more ugniftcant but is again suppressed by the 
addition of aluminum to form GsotsAlorsAs. This time, 
however, there is still some residual loss from the 
G a,. ,  Al, As which becomes greater as x is reduced. Note 
again that the degree of sulfur loa is identical for the two 
GaAs layers grown at the same temperature on either side of
the G a ,. ,  A l, As layers. As the temperature is raised further
to 700 *C, less than 10% of the sulfor remains in the GaAs. 
This figure may be smaller, as the background level for the 
SIMS machine is unknown. At this elevated temperature, 
the addition of Al results in a much smaller but still signifi­
cant suppression of the sulfur loss. These results are sum­
marized in Fig. 3. where the sulfur ion count signal is plotted 
against AlAs content for the different growth temperatures. 
At 550 *C the signal is uidependent of aluminum content 
corresponding to no loss. At 600 *C approximately 15% of 
the arriving sulfur is lost from GaAs, and this is reduced to 
an unmeasurable amount in the case of Gsq 97 Alo 03 As. At 
650 *C the doping efficiency was of the order of 15% of the 
value at 550 *C for GaAs rising rapidly to 50% for 
Gao 97 Alo OJ As and more slowly to 75% for Gaou Alo, j As. 
At 700 *C, the suppression of sulfur loss was more gradual. 
The doping efficiency rose from of the order of 5% in GaAs 
to 15% in Gao ,5 A lo, 5 As. This loss seems severe, but extra­
polation suggests that the doping efficiency could rise 
towards 50% at these higher growth temperatures for the 
higher aluminum content of layers used in many devices 
such as lasers and HEMTs where Ga© 7 AIq 3 As is commonly 
used.
Figures 4 and 5 show the grown structure and the corre­
sponding SIMS profile for the investigation of the effects of 
the arsenic overpressure on sulfur loss from Ga, . ,  Al, As. A 
growth temperature of 650 *C was used, corresponding to a 
region where sulfur loss had been observed to take place 
from the previous experiment. Starting from the substrate, 
GaAs were grown at 600 *C under an arsenic overpressure
n o . LSIMSdcpthprolleortlieitnictaicilhtitraMdinFia. I. 
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FIG. 4. Growth sequence for the study of sulfur incorporation in 
Ga, . A1. As as a function of and arsenic overpressure.
A/•/ill of where minimal sulfur loss was expected. As 
the substrate temperature is raised to 650 *C, a degree of 
sulfur loss is observed. This is suppressed by the commence­
ment of growth of the Gao gs ^ lo is ®**d to a lesser extent 
by the layers containing less aluminum.
The overall behavior is shown in Fig. 6 where sulfur ion 
count rate is plotted against AlAs content for the three ar­
senic overpressures. As in the previous figure, the incre­
mental change in sulfur intensity brought about by the 
change in the A1 flux has been used to determine the loss
FIG. 6. Incorporated sulfur concentration in Ga, , Al, As as a function of 
X  and arsenic overpressure.
rate, thus compensating for any instrumental drift. For 
Jy/Jft, =6:1, the sulfur loss from GaAs is rapidly sup­
pressed on going to Gao 97 AIo.03^  with almost no increase 
in doping efficiency as the aluminum content is increased 
further. For Jy /J,t, =  3:1, the doping efficiency rises slight­
ly more slowly and saturates a little later. For </v /•/iu =2:1 
the sulfur loss is suppressed much more slowly at low alumi­
num contents, but the doping efficiency has still risen to 
more than in GaogsAloijAs. In this respect the 
Ga, _, Al, As nurrors the behavior of GaAs in that sulfur is 
incorporated with greater efficiency as the growth condi­
tions move away from the group III rich surface structures 
towards higher As« fluxes.
FIG. S. SIMS depth proUe of the structure iOiHtrated ia Fif. 4. 
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IV. DISCUSSION
Clear predictions may be made about the behavior of 
dopanU in MBE experiments by reference to thermodynam­
ic considerations in the fnunework described by Hecking- 
bottom et aV* In particular, thermodynamic calculations 
show that the interaction between the GaAs lattice and the 
chalcogen dopants S, Se, and Te is strong enough to ensure 
their incorporation under MBE conditions. Thus the reac­
tion
l / 2 X i ( g ) *  = X ^ + e -  O)
[where X is S, Se, or Te, ( g) indicates the gas phase, is
an arsenic vacancy in the OaAs lattice, X ^  is an ionized
dopant atom on an arsenic site in OaAs, and e~ is an electron
in the conductioa band in GaAs] is well to the right under 
MBE conditions. Further consideration’ '® revealed that 
competing reactioos, which are kinetically hindered at low 
growth temperatures <560*C, becoo^ important as the
growth temperature is raised and resuh in the teas of chalco­
gen dopant from the growing surface in the form of the vola-
tile gallium chalcogenides Oa,X( f ). Thus the reaction 
1/2X,( f ) + 2Ga(/) =  Ga,X( #) (2)
Andr«ws.Hact(inobotlom.andDaviM i0ii
tics well to the right under «11 practical MBEconditioiis with 
equilibrium pressures ^(G ejX) of 1.9, 3.7x10"^, and 
2 X 1 0 " atm for X ^  S. Se. and Te, respectively.'" These 
pressures were calculated for an intended doping level of 
2x  10'* cm"* and are not accessible in the MBE regime, 
except perhaps for Te, where fewer than one Te atom in a 
thousand are predicted to be incorporated. In addition, the 
equilibrium between the gaseous and solid forms of the gal­
lium chalcogenides favors loss, and the reaction
4 G a(/)-l-G a ,X ,(i) = 3 G a :X (g )  (3)
also lies well to the right with an equilibrium pressure 
P{ Ga^S) of the order of 2 x 10" * atm at 600 *C.
In the above, formation of volatile Ga^S is identified as a 
possible route for the loss of sulfur. The equilibrium with 
Ga-S, is used to determine the subility cMf any GajS so 
formed. However, it is not suggested that the sulfur is actual­
ly present in GaAs as GajS,, except at the solubility limit, 
only that in considering the equilibria between the sulfide 
species, Ga^S} is a convenient analogy for the sulfur environ­
ment for which thermochemical data are readily available. 
The calculations are therefore strictly only valid at the solu­
bility limit (hence the choice of a high doping level), and at 
lower concentrations the activity of the Ga2S) would be re­
duced. However, the predictions regarding the formation of 
Ga^S are sufficiently strong that they remain valid over a 
wide range of doping. It should be emphasized that the sul­
fide equilibria are concerned with the loss route, and the 
actual incorporation reaction is still believed to be governed 
by Eq. (1) via the interaction with arsenic vacancies, not­
withstanding the analogy with Ga2Sj.
The situation is somewhat different for the interaction 
of sulfur with AlAs. Firstly, there are at least three species of 
aluminum sulfide for which thermodynamic data 
are avaiUble: A1S( g). AKSj. and AljSl g). Although the 
following is described in terms of AljSC g) for purposes of 
comparison with GajSI g), the other species produce very 
«imtlar equililnium pressures. Rewriting Eq. (2) for alumi­
num produces
l /2 S j -I -AlU) =  AljSi g ) , (4)
and substitution of standard thennochemical data"*'^ re- 
veab that for a doping level of 2 X 10" cm"*, the equilibrium 
AI2S pressure is of the order of 8 x 10" atm at 600 *C, ris­
ing to 2.3 X 10"'® atm at 750 *C, which compares with the 
incident PS2 of 6 x 10" '* atm.
Although these pressures are many orders of magnitude 
lower than for the gallium chalcogenides, they still predict a
borderline doping efficiency of the order of less than 0.1%.
The key difference betsveen the predicted behavior of
sulfur incorporation in AlAs and GaAs becomes clear when
the aluminum. analogue of reaction (3) is considered. 
Whereas G ^ i ( s )  (sulfur in the GaAs lattice) is unstable 
with respect to the gaseous form GajSI g), Al^S, (sulfur in 
the AlAs lattice) is predicted to be stable under hffiE condi­
tions of pressure and temperature. Hence, the reaction
4 A l( i )  A ljS ,(* ) =  5AIjS( g) (5 )
lies substantially to the left with a predicted PfAljS) less 
than 1.71 X 10~ "  atm at 600 *C Thb is much less than the
corresponding figure for FfGajS) of 2x 10~* atiiv
Although the values of the predicted pressures are not 
necessarily precise due to the uncertainty in the thermody­
namic dau  and the simple two-term approximation used for 
the free-energy calculations, there is a clear difference in the 
predicted behavior for the relative stabilities of the gallium 
and aluminum chalcogenides. It seems likely, therefore, that 
the observed difference in the doping behavior between 
GaAs and G a , . ,  Al, As is strongly related to these relative 
stabilities.
Therefore, although the incorporation of sulfur into 
GaAs is only possible due to a kinetic barrier to the forma­
tion of volatile Ga2S. the equivalent loss reactions are not 
favored for the interaction of sulfur with AlAs. and the be­
havior in this case may be explained from purely thermody­
namic considerations without recourse to hindered kinetics.
In considering the behavior for G a , . ,  Al, As, we may 
model the GaAs and AlAs components separately, since 
they have little heat of mixing and the activity coefficients 
for GaAs and AlAs are near unity. '* The aluminum activity 
therefore scales as x, the concentration of the AlAs compo­
nent. However, the predicted difference in behavior is strong 
enough (16 orders of magnitude) that between 6(X) and 
7(X) *C sulfur should be incorporated even for G a , . ,  Al, As 
very dilute in AlAs (x<l). where the activity of the Al is 
much reduced. However, our dau  suggest that something 
slightly different is happening in practice. At low AlAs con­
centrations ( < 10^). some sulfur continues to be lost. It is 
assumed that this loss occurs as Ga2S and, of course, in the 
limit of zero aluminum content this is indeed so. High crystal 
quality implies significant atom mobility in the growing sur­
face layer, and there will therefore be competition for the 
sulfur atoms in this layer between the free aluminum and 
gallium atoms. Although the reaction is heavily in favor of 
bonding to the aluminum in the lattice (leading to incorpor­
ation), for low Al concentrations there is a higher probabil­
ity a sulftir atom will encounter two Ga atoms with the 
subsequent options of incorporation or kinetically hindered 
desorption as Ga2S in the same way as for GaAs. Higher 
overpressures of As« therefore increase the sulfur doping ef­
ficiency by suppresong the lorn reaction through control of 
the surface arsenic and hence gallium concentrations. The 
balance between the various thermodynamically allowed re­
action pathways is critically dependent on the details of the 
surface kinetics. A simple model, requiring a sulfur atom to 
have two Ga-atom nearest neighbors for GajS formation, 
would predict an incorporation efficiency proportkmal to 
I _  (1 _  x )\  where x is the AlAs mole fraction. This has 
approximately the correct form but takes no account of sur­
face diffiisk». Further modelling would require a wider ex­
perimental database to elucidate the kinetics in more detail, 
but the situation for Ga, _,A l,A s is clearly intermediate 
between GaAs and AlAs.
For the of selenium, we have shown that it exhibits
an excess of stability over sulfur at elevated growth tempera­
tures when used to dope MBE G aA s.Th is  is believed to be 
due to a kinetic barrier to the fbrmatioo of GajSe ( g) in the
same way as for sulfur. In fact, G a ^ , ( i ) »  predicted to be
less stable with lespect to Ga,Se( f )  under MBE conditioos
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than Ga:S,(5) is with respect to Ga}S( g), so the apparent 
enhanced stability remains largely unexplained.
In considering the incorporation of selenium in AlAs, 
calculation shows that AljScj (selenium in the AlAs lattice) 
is barely suble at 600*C and at 2 x  10" cm~^ doping, and 
significant decomposition to volatile AUSe is expected. 
Thus, for the reaction
4A1(5) Al:Se,(s) = 3Al:Se( g ) , (6)
the equilibrium pressure of AKSe is predicted to be of the 
order of 3.1X 10" "  atm, comparable with the incident sele­
nium flux (PSe. =  6 x  10~" atm). The successful incor­
poration of Se in Ga, _ , Al, As alloys therefore probably de­
pends on the existence of kinetic barriers in the same way as 
for incorporation into GaAs.
Preliminary results indicate that selenium nuy be incor­
porated successfully into Gao TsM>2sAs ** GaAs growth 
temperatures ( ~ 600*0 in HEMT structures. However, 
d au  at higher temperatures and other compositions are li­
mited, but indicate that incorporation may be less reliable. 
Unfortunately, we are unsure whether this was due to the 
chemical effects predicted above or simply a deterioration in 
the electrochemical selenium ceil which failed while this was 
being investigated.
V. CONCLUSIONS
An electrochemical cell has been used to dope 
G a , . ,  Alj, As successfully with sulfur and selenium. At low 
temperatures, < 600 *C. the behavior is facile, as for GaAs. 
Above this temperature, loss of chalcogen dopant was ob­
served and is believed to be due to the formation of the vola­
tile gallium chalcogenides Ga^S and Ga^Se, which are the 
suble species under MBE conditions. Successful doping of 
GaAs is therefore believed to be due to the existence of a 
kinetic barrier to their formation, possibly mediated by the 
surface gallium population.^*"
For sulfur doping of AlAs, simple thermodynamic cal­
culations predict that the volatile aluminum sulfides are un­
stable with respect to the solid form AI2S) (sulfur in the 
AlAs lattice) under MBE conditions between 6(X) and
7(X> *C. The dopant loss route postulated for sulfur doping in
GaAs is therefore not favored for AlAs. The experimental 
observations reveal an enhanced subility of sulfur in 
G a , . ,  Al, As (X <0.15), where the loss is increasingly sup­
pressed at higher values of x. This is interpreted in terms of 
competition for sulfur between mobile Ga and A1 surface 
atoms with the options of desorption as GajS or incorpora­
tion in the AlAs lattice.
_________________ I
The ffsIcMi***«»« for selenium show a less clear differ­
ence between Se incorporation in CaAs and AlAs. In parti­
cular, AljSe, is predicted to have a borderline subility under 
MBE conditions, and the behavior for G a , . ,  Al, As may 
not be very different to that for GaAs. However, further 
work is needed in this area.
For growth of Ga, _ , Al. As at elevated temperatures, 
sulfur would appear to be the preferred chalcogen dopant, 
while for devices such as HEMTs, where GaAs growth tem­
peratures are more usual,"  both have been used successfully 
in this laboratory.
In cases where the chalcogen dopants are chosen for 
their nonamphoterk behavior in preference to group IV do­
pants such as silicon, in the antimony-containing III-V al­
loys, for example," the above comments regarding the 
choice of chalcogen dopant for aluminum-containing alloys 
may be particularly relevant.
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APPENDIX
Thormodynamlc calculatlona
In this appendix, the reactions considered are listed to­
gether with the pressures predicted. The method of calcula­
tion is already covered in the literature. ■’*'
The conditions assumed for the calculations are as fol­
lows:
(i) Growth temperature =  600 *C for comparison with 
typical GaAs growlh temperatures;
(ii) PX 2 =  6 x 1 0 - "a tm  (X = S,Se) for 2 x l 0 " c m - ’
doping;
(iii) ( M l - 1  lM =  Ga(l),Al(s)l since MBE growth 
takes place near the liquidus;
(iv) [MjX,l -1 :  The doping level of 2 x  10" cm*’ is 
assumed to be close to the solid solubility of the chalcogen 
dopant in GaAs and AlAs.
These conditions were chosen since they allow the m - 
tivities of the solid components to be approximated to unity
and in some respects are a cafculatkmal device, since practi­
cal growth under these conditkms would almost certainly 
produce poor morphology material. However, they do allow 
comparisons to be drawn between the different material sys­
tems. It should be emphasized that the calculated values are 
order-of-magnitude estimates only, relying as they do on a 
simple two-term evaluation of the free-energy change.
( I ) 2Ga( 1 ) -I- 1/2S2( g) =  GajS( g ) .... J^GajS =  7 atm.
(2) 2G a (l)- i-3 /2 S 5 (g )  = G a jS ,(j ) ....../»S2 =  4 .5 x l0 -  atm.
(3) GajS( g ) -K Sj( g ) =  G ajSjU)......FG ajS =  8.5x  10 atm.
(4) 4G a(l)-hG ajSjIx) = 3 Ó a jS (g ) .....J»GajS =  2Xl O atm.
QaMum MtonMt rMCtIOM
(5 ) 2 0 a ( l )  -I- l/2Se2( g ) » G ajS e(g ).....J»GajSe =  4 .4 x 1 0 " ’ atm.
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(6 ) 2G*( 1) 3/2Scj( g) =  G t jS e ,( j) ....../»Se^ -  4 .6 x  10"'*  »tm.
(7 ) Ga,Se( g)  +  Se,( g) «  G * jS e ,(j)......P G «:S e  *  2 ,9 x  IQ-*am».
(8 ) 4Ga( 1) +  G ajS cjd ) *  3GtjSe( g ) ......PG ajSe =  4.1 x  10’  ^atm.
Aluminum Milfld« rMcttOM
(9 ) 2 A l( i ) +  l/2 S ,( g) =  A1:S( g ) .....P Al^S =  8 X lO" atm.
(10) 2 A l(i)  +  3/2S,( g) =  A1,S,(5)......P $2 =  2.4X 10'= ’ atm.
(11) A l j S ( i ) + S , ( 8 )  =  A1,S,(5)......PA1:S =  6 .5X 10 atm.
(12) 4A1U) +  Al,S,(i) =  3A1,S( 8 )..... /»Al^S =  1.7x 10' '* atm.
Aluminum Mlunid« rMCtiont
(13) 2A l ( i )  +  l/2Se,( 8 ) =  Al;Se( g ) ....../»A l,Se =  4 .4 x  1 0 ' ’ atm.
(14) 2 A l ( i ) 4 - 3 / 2 S e j ( 8 ) = A l : S e , ( 5 ) ....../>Sc: =  2 .1x10  -*atm.
(15) Al,Se( 8 )  +  Sc2( 8 ) =  A liSe,(5)......P  AKSe =  1.1 X 10 ** atm.
(16) 4a ‘1(5) A l,S e,(i) =  3Al,Se( g)......PAl.Se =  3.1 X 1 0 ' atm.
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LOW.LOSS OPTICAL WAVEGUIDES IN MBECROWN GaAs/GaAlAs HETEROSTRUCTURES
A.J.N. HOUGHTON, D.A. ANDREWS, G.J. DAVIES and S. RITCHIE 
British Telecom  Research Labs, Martlesham Heath. Ipswich IPS 7RE. UK
Received 25 April 1983
GaAs/Gao.96Aio.o«As epitaxial heterostructure material grown by MBE has been used to fabricate low-loss single-mode optical waveguides. The waveguides are rib structures, fomied by ion-beam-mdling, and have measured propagation losses at X * I.IS urn as low as 1.9 dB cm~*.
I. Introduction
There is increasing interest in guided wave optical 
devices, as a result o f  the expansion in the use o f  op­
tical fíbres in telecommunication systems and cable 
TV networks. Devices such as directional coupler 
switches, phase modulators and interferometric ampli­
tude modulators can be made in both semiconductor 
materials and dielectrics but a particular attraction o f  
sem iconductor devices is their potential for monolithic 
integration with light sources (lasers) and detectors. 
However, discrete semiconductor devices have a repu­
tation for high optical loss, compared to  similar dielec­
tric devices. This loss has been attributed in part to the 
presence o f  free ca n ien  [ 1] and it has been argued 
that in high purity low -doped semiconductor material 
the waveguide losses cou ld  be comparable to those in 
dielectric waveguides. We report here the fabrication 
o f  sin^e-m ode rib waveguides in GaAs/GaAlAs hetero­
structures grown by molecular beam epitaxy (MBE), 
which is a growth technique highly suited to inte­
grated optics applications because it can provide large 
area multilayer heteroatructures with precise dimen­
sional and com positional control. These guides have 
lower optical propagation loss than any two-dimen­
sional sem iconductor waveguides hitherto reported. 
The guide structures are similar to those used previous­
ly for directional couplers and other devices [ 1).
2. Experimental details
The material growth was carried out in a Vacuum 
Generators MB288, three chamber MBE system which 
has been desenbed previously (2 ). The n  ^ GaAs sub­
strates were Si doped. Substrate preparation was car­
ried out immediately before loading the substrate into 
the MBE system using chemical treatments similar to 
those described in the literature [2 ]. After loading, the 
substrates were outgassed in the preparation chamber 
at 720 K until the pressure in that chamber fell to <  1 
X 10~^ torr. The substrates were then transferred to 
the growth chamber, where they were heated to 880 K 
in an arsenic flux to absorb the surface oxide layer. 
This provided an As-stabilized surface, reconstructed 
to give a streaked C (2  X 4 ) RHEED pattern. This 
**in-ritu”  cleaning procedure left the GaAs surface free 
o f  C and 0  contamination, within the limits o f  sensitiv­
ity o f  Auger Elecuon Spectroscopy (AES).
The waveguide structure consists o f  GaAs and 
^ * 0 .9 6 ^ .0 4 ^  layers grown in the following sequence 
(flg. 1). A  1.2Min thick n'*' GaAs buffer layer,
-  »  8 X 10^^ cm ” ^, was grown fin t, foUowed by
2 3  Jim thick G sq ^^AIq Q4AS, *  5 X 10^^
cm~^. On top o f  these was grown the guiding medium 
which was low-doped GaAs, ( «  ^  I X 10** cm “ *), 1.5 
im  thick.
The substrate temperature was kept at 873 K for 
the GaAs layers and 963 K for the GaAlAs layers 
whilst the growth rate was 2 jim hour“ * for GaAs. 
Layer thicknesses and doping were measured using an
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Fig. 1. Material layer structure: thicknesses and doping.
Electrochemical Profile Plotter (Polaron Ltd). A1 per­
centages were measured by both photovoltaic and 
cathodoluminescence m ethods, and found to be d'T- by 
both methods.
In all cases the layers were doped with sulphur, 
generated using an electrochemical cell. This cell 
which utilizes the galvattic cell Pt/Ag/AgI/Ag2S(or 
SE)/Pt. has been used to produce S and Se for dopant 
incorporation in GaAs and GaAlAs (2 ). A change in 
EMF changes the gas phase pressure o f  sulphur or 
selenium over the cell and hence produces a change in 
doping level. The main advantage o f  this cell is its fast 
time constant, which was shown to be ^1 s.
The rib waveguides were fabricated by defining 
photoresist stripes o f  widths between 2 t im  and 1S nm  
on the semiconductor material. The ribs were then 
form ed by ion-beam-milling (Ar^, 500 eV , normal 
incidence). The waveguide ends were cleaved and
guiding was observed by end-fire coupling o f  a TE- 
polarised He-Ne laser beam (X = 1.1S |im ) through 
X 45 microscope objectives (N A = 0.54) into the rib 
guides. The output laser beam was detected by an IR 
TV  camera and, for loss measurements, a Ge photo­
diode.
3. Wavcfuide meaniements
Loss measurements were made using a “ sample-in. 
sample-out”  procedure. Conventionally, such measure­
ments are made by sequentially cleaving one sample to 
a series o f  shorter lengths. However, it was found, for 
the low-loss guides reported here, that variations in 
coupling efficiency between different guides could be 
larger than the propagation loss. The procedure 
adopted was therefore to make a series o f  measure­
ments on very short guides (for which the propagation 
loss could be neglected) and on the longest guides 
available, for which the propagation loss was a maxi­
mum.
Loss measurements on two samples are shown in 
table 1. Sample A comprised several rib guides (fig . 1). 
width IV = 5 urn '*ith a rib height o f  0.4 nm . All guides 
were single-mode. Sample B had stripes o f  2 ,4 ,6  and 
15 /im width, with a rib h e igh t// o f  0.2 urn. The 2 urn 
and 4 ^m  stripes were single moded (losses shown in 
table 1). The 6 jint stripes had two lateral modes and
TaUe 1Insertion loss measurements (loss in dB|
Sample A Sample B(sttipewidth S Mm) (stripe width 2, 4 um)
Guide length I. 3.8 Guide length 1. 7.4 7.7 AV“ 0.75 mm 2. 5.4 4.1 AV * I.O mm 2. 7.83. 3.4 3. 7.8
Guide length 1. 5.8 Guide length 1. 10.2 10.1 AV» 7,75 mm 2. 5.7 5.6 AV » 13.5 mm 2. 10.03. 5.4 3. 10.2
Propaption loss Propagation loss
5.6 -4.1 dB cm"* lO.I -7.7__ _» —r—— —  dB cm *' 0.775 - 0.075 1.35 - O.IO
> II dB cm"' » 1.9 dB cm"'
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3 or 4  m odes were observed in the IS pm stripes. The 
m ode spot size (intensity) was 10pm  X 3 pm, to the 
I/e*  points, for the S pm wide ribs. T o  improve match­
ing to this elliptical mode profile, the input beam pro­
file was tailored by passing it through a slit.
The total measured insertion loss can be divided 
into coupling loss from mismatch between the guided 
m ode profile and incident laser beam profile, reflection 
losses at the air-G aAs interfaces, and propagation loss. 
For a plane wave incident on an air-G aA s interface 
(n  = 3.45 at 1.1 S pm ), the reflection coefficient is 
' ’ l.S dB at each end o f the guide. For short guides, 
multiple reflections at the interfaces need to be taken 
into account; the effective loss at the output face may 
be less than l.S dB and as low  as ^1.1 dB. depending 
on  the relative phase o f  the reflected light. This loss 
can in principle be reduced to a very low  value by 
evaporating an AI2O 3 dielectric layer onto the cleaved 
facets to  form a X/4 anti-reflection coating.
For sample A in table 1 it can be seen that for short 
guides, most o f  the measured insertion loss can be ac­
counted for by reflection loss, suggesting that end-flre 
coupling efficiencies > 80%  were achieved. These high 
coupling efficieiKies reinforce the conclusions o f 
recent studies o f  coupling between fibres and LiNb03 
waveguides (3| that under the right circumstaiKes 
there is no fundamental barrier to achieving veiy effi­
cient coupling to planar guided wave devices. It was 
found in this work, however, that careful positioning 
o f  the lenses relative to guides was required to achieve 
high coupling efficiencies. The variation in insertion 
loss seen between different guides cou ld  be in most 
cases attributed to  the quality o f  the cleaved facets.
Table 1 also shows that we have been able to fabri­
cate waveguides o f  length up to  13.5 mm, with mea­
sured losses as low  as 1.9 dB cm ~ ^  A series o f  careful 
measurements consistently produced values o f  propa­
gation loss in the range 1.7 dBcm ~^ to 2.1 d B cm ~ ^  
The lowest loss measurements previously reported for 
semiconductor waveguides is 2.3 dB cm **, for a hybrid
ox id e -G aA s epitaxial structure grown by VPE (4 l.
The results presented here are o f  especial interest 
because they are on MBE-grown material. This growth 
technique is very suitable for growing multilayer struc­
tures. for example for optimised directional coupler 
designs. Preliminary measurements on three-layer 
structures, with ~0.5 (im o f  GaAlAs (A1 20%) as
the top layer, indicate that absorption due to metal 
electrodes on top o f  rib structures can also be substan­
tially reduced.
We expect that in integrated optical circuits, de­
vices and interconnecting waveguides will typically 
have lengths in the range 1 mm to 5 mm. The propaga­
tion loss o f  < 2  dB cm "* demonstrated here, indicates 
that device losses o f <  1 dB are thus attainable in semi­
conductors.
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ELECTRON TRANSPORT ACROSS 
DEPLETED REGION OF A FINE-GATE 
GaAs : AIGaAs HETEROJUNCTION FET
/lUrTMf irrms Stmteait^iiciaf Jnices amd mauriaU, Eltcirom  
irons^  ________________________
T l»  lee-iemperaiuit dwractcratia of a dtpletcd 
AIGaAt lwicr<^anctioa FET witli pic Icagik of 1000 A ana 
wtdik lO |on «how ikat ifec cun«M ■ laitiMBy ipece-charp- 
hmiMd. TW on*« of «docMy laiuratio« a  obacrvod as ih« 
«ourcc<drain bias a increasad. The uruciure in ihe differen- 
iial of rcsuiaiKX a aiinbutcd to tia cmssion of opiK 
pbooom by hoi ekarons.
eiiCTRONICS LiTTlftS 27th ftbnm y t9B6 Vot.22 Mo. 5
We have fabricated GaAs : AlGaAs hetertqunction FETs with 
fate lengths of 1000 A. The Iwtercquiictioo «a* »ow n  by 
molecular »«t* *  epiuxy and co n s i^  of 1300 A AlGaAs 
mown on  1 a n  o f GaAs on a serai-inaulattng substrate. The 
initial structure was a 100 pn x 10 pn oicsa d e f l^  by 
optical lithography and wet etching with source and dram 
contacts provided by Au ; G e: Ni diffusions. A 30 kV electron 
beam was used to expose a fne tine in the PMMA resist, and 
AuPd gate metal was deposited by hll-off. Analysis o f 
Shubnikov-de Haas osallations yielded a carrier <»nantra-
tionofd X I0*‘ cm ■ * and a mobdity of MOOOO cm V $
The resistaaoe between touroe and drain was 100 O at 4 2 K. 
in the absence of an applied pte volup, and the application 
of a negative pte voltap produced a strong increase in ******* 
anoe to hundreds of kilohms. indicating that the porti^  of 
channel beneath the p te was totafly dominatmg the d e v «  
conductivity. We wiH therefore assume in our d is c ^ n  t ^  
this portioo of the device is the acuve ckment At 4 2 me 
apphoition of a smafl source-drain vohap across a highly
247
«depleted chuinel produced • rapid drop in resttUaoe u  
t h ^ n  in Fif. 1- The I  V relation in Fi|. 2 ihow t the low- 
voitafe nooohm ic behaviour passing into an ohmic region. 
The low-voltage portion is shown in detail in Fig. 3 in the 
forni /  X  and It IS seen that a linear relation is found 
which dcvutcs at higher voltages. This V* dependence indi­
cates that spaoe<harge-liinited conduction occurs because o f 
the injected charge dominating the characteristic
too
900
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I
11 p  t
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Fig. 1 Ckaimel resu iM ce os a function <4 sm ret’érmn voltate
-15 V
The expression for the space-charge-limited current is'
where n is the channel mobility, d the channel length, c the 
dielectric constant o f  GaAs, Co the permittivity o f free space 
and i4 IS the cross-sectiooal area o f  the channel The linear 
region o f  Fig. 3 gives a value /i/d* -  liO  x 
10”  m * ‘ V * ‘ s ‘ ‘ . We note that the / x  F* regime n  depen­
dent on a constant mobility and that an increase in mobiUty 
with electron temperature would explain the deviation in 
F ig 3. This increase h  expected as we estimate the earner 
concentration to be » 10* cm ’ *, and the electron gni is non- 
degenerate at these very small values. Hence the mobuity is 
temperature-dependent, being determined by scattering from 
impurities m the AIGaAs and at the AIGaAs-GaAs interf;^.
Returning to F ig  2, we assodatt the ohmfo regime mth the 
onset o f velocity saturation; here only the in ject^  
centration varies with V and the electron v d oaty  is indepen­
dent o f voltage. Auuming that the saturation drift velocity is
12
-1« -12 -Ot -04.
J2
K| a-1 SV
04 00 12V.velt 1C
Sagf dmrmcunmic% of a arontHy defkted ckamei
2 X 10' ems* ' and usuig the value of ¡ud^ obtained from 
F ig  3. we cakulaic n -  lOOOcm^V' s '  and d -  1800 A.
2j- ■ . • I----  ^I -
15
10
05
1^a-15V •
OO * i)*Oo4 * *0010* 0 OB 0020 * *O^H 0090
V*. wKt* QI23)
Fig 3 Law-voltage remits shown tn detail in the form  I x V*
The increase in d above the gate length o f  1000 A arises from 
the fringing field of the gate across the ISOO A o f  AIGaAs. The 
value o f  the mobility is enormously reduced compared to the 
initMl value o f 2 x 10* cm^ V * ' s ' w h i c h  we attribute to the 
lack o f carrier screenmg o f charges within the AIGaAs. As a 
final comment on Fig 2, we suggest that the rise in current at
500
m
2C
1
V, .-12
source-drain bios. mV 
Stilai
Fig 4 Firn and seemd à § a em td  a fen à tm ee  as a function v f souece-
fL fC T R O M ic s  L e r m Val. 2 2
the highest velues o i  voltage may be due to earner (low 
moving away from the interface and, possibly, impact ionis­
ation o f electrons in traps in the GaAs or AIGaAs.
We have measured the first and second dilTerential o f  resist­
ance as a function o f source-drain voltage, and this is shown 
in Fig. 4. The principal feature is the structure at 40 mV and 
8S mV. We suggest that this corresponds to phonon emission, 
as has been observed earlier in point-contact spectroscopy 
and modulated structures.* The structure arises because some 
electrons do  not lose energy until the optic phonon threshold 
(36 meV) is reached; they then emit an optic phonon, and the 
consequent reduction in their energy corresponds to a reduced 
contribution to the current. However, we cannot eaclude the 
pouibility that a number o f elecuom  have travelled across 
ballistically without suffering elastic collisions. The increase in 
energy o f the structure, approximately 10"/.. above the LO 
phonon energy, may be due to a small voltage drop near the 
ends o f the channel where electron-electron scattering pre­
vents carrier heating. W e could not observe structure at an 
energy o f three limes the LO phonon energy as has been seen 
in other systems.*
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Onc-Dimcnsioiial Conduction in the 2D Electron Gas of a GaAs-AIGaAs Heterojunction
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We present results on the transport properties o f  the 2D electron gas in a narrow channel form ed 
by the split p t e  o f  a G aA s-A IG aA s heterojunction field-effect transistor. There are both 
quantum-interference and interaction corrections to the conductivity. We find that the temperature 
dependence o f  the phase reUxation length is in agreement with a recent theory based on scattering 
by electromagnetic fluctuations. Beyond the regime o f  quantum interference the conductivity 
varies with temperature as P .
PACS numbers: 7l.55.Jv, 72.20.Jv, 73.40.Lq
There has recently been considerable experimenul 
interest in one-dimensional quantum interference 
(weak localization) and interaction effects.'*^ Quan­
tum-interference corrections in a two-dimensional 
electron gas become one dimensional when the phase 
coherence length, L©» exceeds the width of the sam­
ple, W. The correction, expressed as a conducunce 
per unit length SG, is given by
bC  ^-  d^ Lo/rHt.
When ¿0  exceeds the localization length diffusive 
behavior will not occur as carriers are strongly local­
ized* and conduction will proceed by hopping. If the 
overlap of electron states is small then transport is due 
to (phonon-assisted) variable-range hopping.
Thouless^ suggested that if the overlap is significant 
the hops are caused by electron-electron collisions. 
The diffusion coefTicient, D, is given by 
where L« is the localization length and the 
elytron-electron scattering time. Therefore the con­
ductivity will vary as t ¿ ' .  It is well known that if 
kfl >  1 the Landau-Baber P  behavior of t«  is aug­
mented by diffusion corrections with a weaker depen­
dence on temperature. However, if electrons are 
strongly localized then these corrections may not apply 
and T« will vary as Recently it has been suggest­
ed* that if the localization is one dimensional, a 
phonon-assisted hopping process could give a conduc­
tivity varying as T*, provided the energy difference 
between hopping sites is less than the thermal energy
kT.
Negative magnetoresisunce is found in the regime 
of quantum interference; in one dimension the 
theoretical relation is*
( 2 )
where W is the width of the conducting region and L^  
is the cyclotron radius, (t/eR)*^*. Equation (2) arises 
from the change in the effective length scale and is 
due to the penurbation of the wave function by the 
magnetic field; it is only valid for L, >  W. Significant 
decrease of £ , below W  results in 2D localization 
behavior; analogous 3D and 2D behavior has been dis­
cussed elsewhere,'* u  has the behavior of G(R)  in 
the presence of spin-orbit coupling and spin-flip 
scattering."
In addition to quantum interference the electron- 
electron interaction produces a conductivity conection 
which is one dimensional when (U D Ik T r ^ > W ,  
where k is Boltzmann*s constant. The interaction 
correction to the conductivity can be written
gG -(-e*f,D /*»)(tD /2kn‘'*. (3)
where f  id •» i*»« interaction parameter a ^  D is the 
Boltzmann value of diffusion coefficient. To first 
order the quantum-interference and interaction correc­
tions are additive'* when both are weak.
In this Letter we present resulto on one-dimensional
U9S C  1916 The American Physical Society
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conduction in narrow conducting channels in GaAs- 
AIGaAs heterojunctions. We Hnd both the interfer­
ence and interaction corrections together and, from 
the negative magnetoresistance, we confirm the ex­
istence of a recently predicted ID electron-electron 
scattering m e c h a n i s m . F u r t h e r  narrowing of the 
channel results in the loss of these corrections and the 
conductance decreases as P ,  and a positive magne­
toresistance is found. Eventually with even more nar­
rowing a transition to variable range hopping is found.
The samples used were GaAs-AIGaAs heterojunc­
tions, the cairier concentration was 4 .0x10" cm~^ 
and the mobility at 4.2 K was 2x 10^  cm^ V ~' sec~'. 
The samples were in the form of Hall bars with Au- 
Ge-Ni Ohmic contacts. A gold gate of 700-Â thickness 
was fabricated on the 1S00-À thick AIGaAs with a 
small gap IS ^m  long and 0.6 ^im wide between the 
two halves, as in the inset of Fig. 1. The gates were 
fabricated by electron-beam lithography with use of 
PM MA positive resist. By application of a negative 
voltage to the two gates, the underlying GaAs is de­
pleted of electrons and current flows through the nar­
row region not covered by p te  metal. Further in­
crease in the negative gate voltage results in a reduc­
tion in the width of the conducting channel until it is 
removed. The action of the p te  is similar to the 
squeezing action of the regions in Si accumulation 
layers used previously.'**'* However, the problem of 
p t e  overlap onto source and drain regions (which can 
give activated conduction at low temperatures) is re­
moved here and the p te  voltage now acts to narrow
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FKf. 1. The values of conductance as a function of mag­
netic field, indicated by crosses. The lines indicate the best 
fit of Eq. (2) at each temperature. Inset: The p te  defining 
the narrow channel in the underlying heterojunction.
the conducting channel rather than to offset the 
squeezing action of the P*^  regions in the metal- 
oxide-semiconductor device. In the absence of a p te  
voltap, the device resistance was 700 O at 1.3 K, and 
when the p te  voltage was such as to induce the one­
dimensional behavior discussed later the device resis­
tance was peater than 10^  O. High-magnetic-field 
Shubnikov-de Haas measurements indicated that the 
carrier concentration remained constant as the channel 
width was reduced.
Conductance and magnetoconductance measure­
ments were earned out below 1.2 K. The field across 
the channel was always less than 1 V/m to avoid elec­
tron heating. Figure 1 illustrates the increase in con­
ductance induced by a magnetic field with -1 .2  V on 
the p te . The results of Fig. 1 did not fit the 2D ex­
pression^ whereas an excellent fit was obtained by use 
of Eq. (2). We note that it is not necessary to intro­
duce spin-orbit coupling into the theoretical expression 
in order to obtain agreement with theory. In 2D the 
spin-orbit coupling in GaAs heterojunctions is only 
significant at very low temperatures and very low mag­
netic fields." Analysis of a number of temperatures 
between 1.0 and 04  K yielded a consunt^ value for the 
width of the conducting channel of 450 Á ± 10% and a 
temperature-dependent Lq which is plotted in Fig. 2; 
this figure will be discussed later.
From the values of ¿o in F*f- ** possible to ob­
tain the value of bG due to quantum interference lEq. 
(1)1. This was always small compared to G, having a 
maximum value of just over 20% at 0.41 K. In order to 
investipte the correction due to the electron-electron 
interaction we have added òg to the conductance g for 
each temperature and plotted the resultant value 
ap inst T~ as shown in Fig. 3. A linear relation is
FIG. 2. The p h u t  relaxation length plotted ap in st tem­
perature on a log-log scale.
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FIG. 3. The conducunce after addition of the quantum- 
interference correction, plotted against T~
found which gives a value of D of 660 cm^ • sec” ' for 
an interaction parameter of 1.35 appropriate to this 
carrier concentration.*^ If we assume the two- 
dimensional density of states for GaAs, this 
Boltzmann value of D gives a value of g§ =  8.9 x 10 
n  ” ' for a value of width of conducting channel of 450 
A. This is in satisfactory agreement with the value of 
8.3 * 10“ ‘ n  ” ' derived by extrapolation to zero T~ *' . 
At all values of temperature the interaction length 
scale. (MD/kTy^^. is considerably greater than the 
sample width. However, it is surprising that the f "  
law is found for such large changes in conductance. 
The values of magnetic field were such that g mB <  *7* 
and the interaction correction w u  not significantly 
enhanced.
We now consider the temperature dependence of 
the inelastic length shown in Fig. 2. The power of 
temperature for the best fit is ~  0.35 ± 0.06 which 
agrees with recent predictions that in ID the dominant 
scattering of electrons is a low-energy process arising 
from electromagnetic fluctuations.'*“'’ The fiuctua- 
tiofu domifute over the disorder correction unlike the 
2D situation where the disorder correction is strong 
giving a T " ' dependence of the phase relaxation 
time.”  Altshuler et ai predict a phase relaxation 
length ¿0 fiven by'*
where L is the sample length. If we assume the 
Boltzmann values of D and g derived from the inter­
FIG. 4. The conducunce for a number o f  gate voluges 
plotted against P .  (a) ~  1.210, (b) F , -  -  1.215, (c)
K,- -  1.220, (d) -  1.225. The error in g is approxi­
mately 5%.
action behavior, Eq. (4) predicts that ¿ o "5 .6  
X10" *7” ' *^ cm in reasonable agreement with the ex­
perimental result of 1.6x 10” * r ” cm.
Deaeasing the p te  voltage in steps of 0.02 V result­
ed in the introduction of a strong temperature depen­
dence as shown in Fig. 4. These results are consistent 
with the P  behavior discussed earlier. A further 
feature of this regime was a strong positive magne­
toresistance at low fields, of magnitude 30% for 
5  -  0.1 T. This behavior may indicate that a shrinkage 
of the wave function is lowering the conductance. 
Further reduction in the channel width results in hop­
ping with an exponential dependence on temperature, 
i.e., phonon-assisted hopping. However, the experi­
mental range was too limited for us to esublish the 
precise power of temperature.”  It is seen from Fig. 4 
that the conductance shows oscillations about the T 
line. We do not have an explanation for this but, in a 
similar manner to oscillations which occur as a func­
tion of carrier concentration, the effect may be related 
to the small number of conducting electrons 
[ N ( E f ) k T L W \ .  At the lowest temperatures this 
number can be of the order of unity.
In conclusion, these results show that the magnetic 
separation of quantum interference and interadiM 
corrections can be achieved in ID as well as 2D.*^ 
We have also found the existence of a recently predict­
ed mechanism of electron phase relaxation and the 
transition from diffusive transport to bopping.
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Abstract. We report the observation of fractional quantisation obtained by increasing the frequency of measurement; this is found up to a Landau index of 10. The result is omnddent with the suppression of integer quantisation and is interpreted as indicating a transition from a liquid sute to a solid state behaviour as the time scale of measurement is reduced.
Previous work has established that varying the frequency of measurement has a pro- 
nounced effect on the measurement of the quantum Hall e ^ t  
Wakabayashi 1983. Wakabayashi et al 1983, Long et al 1984). This arises from Q 
being a L nifestation of localisation in the U ndau  level. If states at the centre of ^ e  
level are weakly localised, plateaux of quantum Hall resistance are not found a . 
However if the frequency of measurement is increased, then when the amphtude of the 
drift path of the centre of the orbit is less than the localisation length, t te  plateaux of 
Quant^ d Hall resistance become apparent. The frequency-aided delocalisation occur 
first at the centre of the Landau level where localisation is weakest. Further mcrease in 
frequency delocalises states in the tails of the Landau levels, thi» desttoymg a “« c e ^  
S f o n  for the observation of the qhe. The e x ^  i n c r ^  m 
the observation of this effect depends on the localisation l e n ^ ,  * 
wiU be sample-dependent. Previous work (Pepper and W akabay^i f
that the maximum observable localisation length is the sample length. 
cut-off The previous work showed that increasing the frequency ^
bv delocalising tail states, and the quantised value was only found when £,
0022-3719/8^170439 + 06 $02.25 (g) 1984 The Institute of Physics L439
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typical velocity of electrons in the plateau of the ground Landau level is 10^  cm s~ at a 
frequency of 10 MHz; this gives a drift length of 150 A. In the tails of the levels, rough 
estimates of the diffusivity D suggest that the diffusion length in a frequency (u can be 
decreased considerably using the MHz region of frequencies. This is particularly effec­
tive as the localisation lengths are long. Accordingly we would expect the ac condurtivity 
to be less dependent on scattering and disorder and be more dependent on the 
electron-electron interaction than it would under DC conditions. We therefore investi­
gated the possibility of using the effect of frequency to observe the fractional quantum 
Hall effect (Tsui etal 1982, Stormer et at 1983. Uughlin 1983).
The samples used in this experiment were MBE-grown modulation-doped G aA s- 
G aA lA s heterojunctions in the form o f gated Hall bars, 1.9 mm long and 0.2 mm 
wide. The mobility fi and carrier concentration n, could be continuously varied be­
tween 120000c m ^ V 's " '  at n* = 5 x  1 0 " e ‘ cm'^ and SOOOOcm ^V's"' at n, = 
2.7 X 10" c "  cm '^. Lock-in techniques were used to measure only the in-phase 
com ponent o f  current from a matched current monitoring resistor and the two-terminal
Flfure 1. The quantum Hall «fiect(p„ versus B) at/» 80 Hz. T» 280 mK. V, - ■►0 2 V
pigai« 2. The t«o>tenniiul conductance Gnvenotaafnetic held a t 80 Hz. T  *
V ,»  -t-O.Z V. The Landau level filling factor vushova on the top scale whilst the expected 
values of C :t are shown on the right-hand side.
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Fltw« 3. •Pie two-tenninal conductance Gnvenus magnetic field at 7" * V, - 0 0 VandT- 500kHz to 5MHz. «. - 2.7 x 10“ cm * and m - 5 . 5 $  The Lan«^  filling factor v is shown on the top scale whilst the expected values of Gjt are shown in
multiples of rIT jth
conductance method of measuremeni was u$ed(FangandStUes 1983 P o w eU < « /lW )_
Out method of measutement eliminated the role of gale
cable loss; here we compensated for the loss at those frequencies where it occmed. ^ efrequency^ lependenimagDeloconductaiiceosciUalioiis were measured at r  i .4 K m
* * ' ^ e i l ^ t e  of the DC quantum HaU effect obtained at 280 mK “
AS s « « . ^ t a t e g e r  p l a t e L  am very broad down to . -  2; the “
high enough to  observe the i = 1 plateau. Figure 2 shows the high-field t w o - t e n t ^  
obtained at 1.4 K and 80 Ha. Here the i -  1 and 2 ^ t « t a  are o b « r v . ^  
but the higher temperature prevents a clear plateau for i -  3. which a  * *P‘" '^ i '*  :
In figure fw e  have indicated the eipecied positions of the plateaux and it “
L r l  is no additional structure. Figure 3 shows Crr plotted agauW magnenc «eld for 
t a q ^ n ^  up to  5 MHa. At frequendes up to 1 MHz the i -  * ^  
their expected values and additional structure appears at a Alhng » I- W i»
f a S h e r ^ a s e  in frequency the i = 2 plateau remains Hat up to 2.5 MHz Imt faUs m
value Thisisduetoc^lelossandweindUiatllielotsincreasesUnearlywithfteque^
^ I k d  to  a Sm aitic capacitance of 0.8 pF. Tliis enables us to  extract the
^  is dear the fractional quantisatio« is piesen. 
I T S S T o i  r f  l ^ d  I. the Sucture  at I being a plateau at the correct value of
cJiSduoance at 5 MHz. A distinct feature of the result is the coUapse of the I -  Imteger
L442 Letter to the Editor
73nm
2W6 3W3 S/3--WWTT——r— 4/S»f
Ftaw« 4. The two-terminal conductance G¡^ versus magnetic field at T » I 4 K. V, 0.0 V »nd / - 10 and 20 MHz. The Landau level filUng factors v are shown on the top seal
U>) toi
500 kHz (a ) a n d / «  lOMHzfh).
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3 and 4
plateau; this has disappeared at 5 MHz and becomes a minimum at higher frequencies. 
At frequencies higher than 2.5 MHz the i = 2 plateau starts to disappesw and ^com es 
a minimum. At 10 MHz there is evidence of further sirurture (figure 4) but this is not 
analysed here. Increasing the frequency to 20 MHz results in a pronounced immmuin at 
i = 2; appreciable loss was found at this frequency preventing analysis of lower-order
equency was found to have a pronounced effect on higher-order Landau levels. 
Tlie principal structure was always at the § filling faaors and this was appiuent up to 
V « V which occurred at a magnetic field of 1T. Figures 5(a) and (h) show the Landau 
levehndexation at frequencies of500 kHz and 10 MHz. It is seen Aat at low frequena«  
miy integer quantisation is present but at higher frequencies the fractioM^e 
It is^noticeable that when an integer peak appears strongly loc^ised. and does 
a quantised value at low frequency, it is not significantly affected 
penists when other integers have disappeared. This is of L
rers which being spin-split are the weakest, and is exemphfied by the ^ ^ t e n c e  of
3 ^ a k  6 iU iLates the progressive decline of the i »  4 and 6 integer peaks
and the appearance of the V and V peaks.
We haTinvewigated theae e«eco a a a h in c ^ o fc a m e r  
varied bvtheaatevotU ie.H ie enhancement of the fractions and decrease ofthe mteger 
peaks by frequency is most pronounced as n, decreases; this is despite the decrease m
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mobility. Presumably the frequency is minimising the disorder element and the reduaion 
in n, is increasing the relative importance of the interactkm for a given filling factor.
We now turn to a discussion of the main points of this work, namely the frequency- 
induced appearance and enhancement of the fractional quantisation and coincident 
decrease and collapse of integer quantisation. The essential feature of the experiment 
is that the diffusion length of the electrons is smaller than the localisation length. The 
drift length of the extended electrons is small and we therefore remove the role of 
localisation lengths greater than this. We expect, as in Si, the conversion of the quantised 
plateau to a peak as frequency is increased. However, the results go beyond this and the 
integer quantisation disappears and then becomes a minimum. We conclude that this is 
the result of electron interactions which are also producing the fractional quantisation. 
The frequency is enhancing the liquid state and the interaction. Our measurement is 
monitoring the response of the electrons over a short period of time (1/oi) and it appears 
as if the entire Landau level does not conduct for very short intervals of time (10‘* s). 
The observation of an insulating state when the time is short suggests that when £f is 
between Landau levels the system behaves as a pinned solid and is an insulator. As the 
time increases the liquid state becomes apparent, giving conduction, and the integer 
quantisation reappears. It is the liquid motion itself which gives diffusion and conduction
We therefore conclude that at very short intervals of time, or insignificant disorder, 
conventional (integer Landau level) magnetic quantisation will not be observed. The 
only quantisation apparent will be at fractional values and transport is totally dominated 
by mutual interactions of electrons.
The results suggest that in any Landau level the interaction increases as the filling 
factor increases. Thus the integer disappears and the § occupancy is favoured over i etc. 
There is a complicated relation between disorder, interactions and frequency. The 
disorder and localisation give a plateau based on the interaction-induced fractional gap. 
Increasing the frequency enhances the gap, but also minimises the plateau by reducing 
the disorder-induced localisation. Therefore we expert the system will behave as a solid 
at sufficiently high frequencies and for all values of carrier concentration.
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